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Abstract 
During the last main phase of glaciation (26-13kaBP) an ice cap developed in south 
west Ireland and ice. from a Ji~pcrsal centre in the \'icinity of Kenmare, flowed north 
and diverged on the southern slopes of the Macgillycuddy ' s Reeks. On these slopes, a 
weathering limit separates ice-moulded bedrock, on low ground, from frost-weathered 
terrain above. Assessment of bedrock dilation joint characteristics, Schmidt hammer R-
value data, clay-sized mineral contents and magnetic properties of basal soil samples, 
confums significant contrasts in the degree of weathering above and below this limit. 
The weathering limit declines in altitude along former ice flow-lines and is confluent 
with morainic deposits on the eastern side of the Gap of Dunloe and on the western 
slopes of kregbeg. This evidence supports the assertion that the high-level weathering 
limit is a periglacial trimline that marks the former maximum upper limit of the body of 
ice, which occupied this area of southwest Ireland during the LGM. This evidence, 
however, does not confute the notion that cold based, non-erosive plateau ice may have 
covered some or all of the upland surfaces that occur above the recorded weathering 
limits 
Reconstruction of the former ice surface profile from periglacial trimline limits along 
three former flow lines yielded mean estimates for basal shear stress that ranged from 
104.2 to 125.9 kPa. Although these values are high, they are within the range deemed 
normal for glaciers and ice sheets. The values suggest that the reconstructed areas of the 
ice cap were warm based and flowing on a bedrock substrate. This is supported by the 
geomorphological evidence of these areas, which shows that a landform - sediment 
association has developed consisting of zones of glacial scour and a thin, discontinuous 
drift cover. This contrasts with the glacial geomorphology of northern parts of the study 
area, where drift cover is largely continuous, and extensive in valley bottoms and on 
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Chapter 1.0 Introduction 
1.1 Introduction 
Since glaciers and ice sheets are integral elements of the global climate system, the 
nature, and dimensions of Late Quaternary ice masses have been the focus of much 
research in recent years (Nesje and Dahl, 2000). They are sensitive to climate change, 
advancing and wasting in response to changes in temperature and precipitation and they 
exert an influence on local and global climate, impacting on pressure systems, ocean 
currents, and wind directions (Benn and Evans, 1998). They have an influence on sea-
level change by directly affecting the global volumes of the oceans and also as a result 
of isostatic readjustments to glacial loading and unloading (Benn and Evans, 1998; 
esje and Dahl 2000). In addition, glaciers and ice sheets have a fundamental impact 
on landscape evolution and have resulted in vast landscapes of glacial erosion and thick 
sheets of glacial deposits. Consequently, by studying characteristics, such as the extent, 
thickness and dynamics, of ice sheets that developed and decayed during previous 
periods of glaciation, important information can be generated on past climate and 
environmental change (Benn and Evans, 1998; esje and Dahl, 2000). 
Attempts at modelling the dimensions of Late Quaternary ice masses have employed 
understandings of ice physics and rheology ( e.g. Denton and Hughes, 1981; Boulton et 
al, 1985; Peltier, 1994). For Ireland, models have generated estimates of the former 
maximum thickness of ice during the last main phase of glaciation that range from 
c.1500m (Denton and Hughes, 1981) to c.750m (Boulton et al, 1985). Reconstructions 
of the former maximum ice thickness from these models however, remain controversial 
and rely heavily on field based mapping and dating techniques as tools for calibration 
and validation. 
On the basis of geomorphological evidence, it is largely accepted that during the Late 
Midlandian (Glenavy) stadial (approx. 26-13ka BP), local valley ice and large ice 
streams glaciated much of southwest Ireland from a dispersal centre located over the 
Kenmare valley, Co. Kerry (e.g. Farrington, 1954; McCabe, 1986 and Warren; 1979, 
1991; Rae, 2002; Rae and Harrison, 2002; Rae et al, 2004). Numerous attempts have 
been made to map the former terminal limits of this ice mass north of the inferred ice 
centre (c.f. Wright, 1920; Farrington, 1936, 1947, 1954; Warren, 1979, 1991). However, 
less detail is known of the limits to the south, east, and west. Estimates of former areal 
extent have been tentatively made and these suggest that an independent ice cap in the 
region of 8500knY~ in size occupied parts of counties Kerry and Cork at the LGM (last 
glacial maximum) (Synge, 1981 ). 
Reconstructions of former ice flow directions, (Wright, 1927; Bryant, 1968 and Warren, 
1979) have been based on field mapping of striae, roches moutonees and other features 
of glacial erosion and deposition. These studies have demonstrated consistent patterns 
of former ice flow and infer an ice divide or centre in the vicinity of the Kenmare 
Estuary, to the west of Kenmare town (Figure 1.1). 
Some attempts have been made to determine the former maximum upper limits of this 
ice mass (Wright, 1927; Farrington, 1947; Williams, 1964; Bryant, 1968 and Warren, 
1979). However, these studies have provided little information on the former vertical 
dimensions of the ice sheet other than by detailing locations of the highest recorded 
features of glacial erosion (e.g. ice scoured bedrock and striae) and/or deposition (e.g. 
glacial erratics, moraines and till limits). 
Attempts have been made elsewhere in North West Europe to reconstruct the vertical 
dimensions of Quaternary ice masses based on the identification of high level 
weathering limits, which have been termed 'periglacial trimlines'. Areas where this has 
been attempted include the north west of Scotland ( e.g. Ballantyne et al, 1998), the 
southwest Lake District (Lamb and Ballantyne, 1998), Snowdonia, north Wales 
(McCarroll and Ballantyne, 2000; Hughes, 2002a, 2002b; McCarroll and Ballantyne, 
2002) western orway ( e.g. McCarroll and Nesje, 1993) and most recently South Uist, 
Outer Hebrides (Ballantyne and Hallam, 2001). These studies have successfully 
demonstrated that geomorphological mapping of evidence marking the upper limits of 
glacial erosion and deposition ( e.g. ice moulded bedrock, roches moutonees, striae and 
glacial erratics) and lower limits of periglacial forms such as frost shattered detritus, tors 
and blockfields can be used to determine former maximum upper ice limits ( e.g. Bryant, 
1968; Thorpe, 1981; McCarroll and Nesje, 1993; Ballantyne et al, 1998; Lamb and 
Ballantyne, 1998; McCarroll and Ballantyne, 2000; Ballantyne and Hallam, 2001 ). This 
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is based on the argument that the high level weathering limits are periglacial trimlines 
marking the maximum elevation to which the last ice sheets eroded or 'trimmed' a pre-
existing zone of frost-weathered rock or debris on a hillslope (Thorp, 1981; Ballantyne 
and Harris. 1994) . 
The periglacial trimline hypothesis has been successfully tested using a variety of 
methods, which identify marked differences in the degree of rock and soil weathering. 
These include analysis of the depths of dilation joints on bedrock outcrops (Ballantyne 
and McCarroll, 1995; Ballantyne, 1997; Lamb and Ballantyne, 1998; Ballantyne and 
Hallam, 2001 ); clay mineral analysis of soil samples ( e.g. Ballantyne and Mccarroll, 
1995; Ballantyne, 1997; Ballantyne and McCarroll, 1997; Ballantyne et al, 1997; Lamb 
and Ballantyne, 1998; Mccarroll and Ballantyne, 2000; Ballantyne and Hallam, 2001) 
and analysis of Schmidt hammer rebound (R) values (e.g. McCarroll and Nesje, 1993; 
Ballantyne, 1997; Ballantyne et al, 1997 and Anderson et al, 1998). In addition, some 
studies have applied cosmogenic isotope rock surface exposure dating techniques 
generating further evidence in support of the periglacial trimline hypothesis ( e.g. 
Brooke, 1996; Ballantyne, 1997; Ballantyne et al, 1998 Stone et al, 1998). 
The periglacial trimline concept is, however, contentious and has received opposition, 
principally from those who have argued that such weathering limits may reflect a 
former englacial thermal boundary between warm based erosive ice and cold based 
passive ice (e.g. Ives, 1958, 1966; Falconer, 1966; Sugden and Watts, 1977; Whalley et 
al, 1981 ; Klemen and Borgstrom, 1990; Sollid and S0rbel, 1994; Klemen, 1994; 
Klemen and Borgstrom, 1994; Rea et al, 1996a; Rea et al, 1996b; Klemen and 
Stroeven, 1997; Rea et al, 1998; Rea et al, 1999; Hatterstrand and Stroeven, 2002; 
Briner et al, 2003; Rea and Evans, 2003). Whilst discrimination between these two 
hypotheses is very problematic, it does have important implications for the age of 
mountain top features and deposits and the palaeoclimatic reconstructions derived from 
the accurate assessment of former ice volume. 
1.2 Study area and research justification 
This research project is centred on the Macgillycuddy's Reeks, a high relief massif 
covering an area of 80km2 and rising to a maximum elevation of 1039m. The study area 
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extends beyond the Macgillycuddy's Reeks and includes the mountain and high terrain 
that lie to the south, southwest, southeast, and east shown in figure 1.1. The mountains 
of this area are composed of grey sandstones of Devonian age, belonging to the Old Red 
Sandstone series and are structurally products of Hercynian tectonism (figure 1.2). 
Ice-flow reconstructions (e.g. Wright, 1927; Williams, 1964 and Warren, 1979) have 
shown that during the last main phase of glaciation, ice pushed against and diverged on 
the southern slopes of the Reeks. This ice moved northwest around the Macgillycuddy' s 
Reeks, north through the Gap of Dunloe and northeast through the trough of Loch 
Leane, converging on the lowlands to the north. The geomorphological legacy of this 
glaciation has left the massif deeply dissected by several glacial troughs with numerous 
well-developed cirque basins and has resulted in a landscape that is dominated by 
features of glacial erosion and glacial deposition. On many of the higher summits of the 
area, however, there is a complete absence of features of glacial erosion or deposition 
and features indicative of extensive periglacial frost weathering dominate the terrain. 
The area therefore provides an ideal opportunity to map the distributions of, and limits 
between, glacial and periglacial landform assemblages and also to test the hypothesis 
that the weathering limit is a periglacial trimline. 




" v,, ,;, re 1 it a,, 81 81 e:i ,,,_ fl'i 
Figure 1.2 Map showing geology of the study area. 
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1.3 Aims and objectives 
The aims and objectives are therefore as follows: 
1) To map the upper limits of C\ idence of glacial activity (e .g. ice moulded bedrock, 
roches moutonees, striae, glacial erratics and till) and lower limits of periglacial forms 
(such as in situ frost weathered detritus and tors) on the mountain shoulders, spurs, 
ridges and cols within the study area shown in figure 1.1. 
2) To establish the relative degree of rock weathering above and below the recorded 
weathering limits using chmidt hammer R-value assessment and by measurement of 
the depths and frequencies of rock dilation joints. 
3) To establish differences in the degree of soil weathering above and below the 
recorded weathering limits using clay-sized mineralogy and environmental magnetism. 
4) To evaluate the notion that the weathering limit is a periglacial trimline marking the 
former maximum vertical limits of the ice which occupied this area of southwest Ireland 
at the time of the last main phase of glaciation. 
5) To reconstruct former ice sheet surface gradients and calculate basal shear stresses 
for parts of the ice cap that occupied this area of southwest Ireland at the time of the 
LGM; to make inferences regarding the basal thermal regime and assess its influence on 
the glacial geomorphology of the area. 
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Chapter 2.0 Literature Review 
This chapter covers three issues. First, consideration is given to the current state of 
understanding wi th regards to the Late Quaternary glacial history of Ireland and in 
particular, the soutlrn est. Second. literature rele\'ant to the periglacial trimline 
hypothesis is then reviewed. This is fo llowed by a brief discussion of the methods that 
have been applied in attempts to validate the periglacial trimline hypothesis. This 
review is intended to place later chapters into context and to highlight issues of 
contention and debate regarding the Late Quaternary glaciation of southwest Ireland and 
methods of reconstructing former vertical ice limits. 
2.1 Late Quaternary glacial stratigraphy and nomenclature 
The Quaternary stratigraphy of Ireland has received a great deal of attention in recent 
years (e .g. Bowen et al, 1986; Coxon, 1993, 1996; McCabe, 1987, 1999; Mitchell et al, 
1973· Mitchell and Ryan, 2001 ; Warren, 1979, 1985, 1991) and yet, the subject remains 
controversial with regards to a universally accepted nomenclature and chronology of 
events. 
The traditional interpretation of Late Quaternary Irish stratigraphy identifies two periods 
of glaciation. This is based on observations made by Wright (1914), who described two 
distinct drift sequences (newer and older drifts) and by Charlesworth (1928), who 
suggested that the south of Ireland end moraine separated these drift sequences. These 
two periods of glaciation were subsequently termed the Midlandian (the newer drift) 
and the Munsterian (the older drift) (Figure 2.1 ). Deposits from only one interglacial 
penod are identified in the scheme, which were termed Gortian deposits after the type-
site near Gort, Co. Galway. They are traditionally considered to belong to the 
penultimate interglacial on the basis that deposits share a similar biostratigraphic signal 
with Hoxnian deposits and that they lie, stratigraphically, beneath (and hence pre-date) 
the Munsterian deposits (Jessen et al, 1959; Mitchell, 1970, 1973; Watts, 1977, 1985). 
Mitchell et al (1973) correlated the Quaternary stratigraphy of Ireland with a 
classification for the British Quaternary. The scheme is based on the interpretation of 
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morphostratigraphic units as periods of glaciation and interglacials, and suggests that 
the Midlandian period is the Irish equivalent to the Devensian, the Munsterian correlates 
to the (now contentious) Wolstonian and the Gortian correlates to the Hoxnian (Figure 
2.1 ). The scheme. however. failed to provide evidence for an Irish correlative to the 
Ipswichian suggesting that a suitable type-site had not yet been designated. 
Synge (1979) argued that two major glacial events may be represented within the older 
(Munsterian) drift record and therefore suggested a new name, the Connachtian, for the 
more recent of the two events. Synge (1981) developed this view further attributing the 
distribution of Galway granite erratics across the Irish midlands to the Connachtian 
glacial event. He suggested that the Connachtian pre-dated the Midlandian stage and 
post dated the Munsterian and therefore considered that the Munsterian deposits may 
belong to an older cold stage which correlated to the Elster of N.W. Europe. Others 
however, have argued that erratic fans of this magnitude can be accommodated within 
the traditional interpretation of the Munsterian (Bowen et al, 1986; McCabe, 1987). 
Warren (1979b, 1985) considered the problems regarding Late Quaternary Irish 
stratigraphy and the stratigraphic position of the Gortian deposits, from a different 
perspective. He suggested that the interpretation of Irish Quaternary deposits based on 
the identification of classic morphostratigraphic units (glacials and interglacials) and to 
subsequently correlate these with the pattern known elsewhere is problematic, 
particularly where evidence for the presence of an interglacial remains undiscovered. 
Instead, he suggested that research should focus on an objective chronostratigrahic 
interpretation of the deposits available and the subsequent correlation of these to oxygen 
isotope stages and sub-stages (Figure 2.1 ). Since no stratigraphic evidence had been 
identified of a warm phase between the deposits interpreted as Munsterian and 
Midlandian, they are instead interpreted as reflecting one continuous event. Warren 
(1985) terms this the Fenitian based on a stratotype from a coastal section between Fenit 
and Spa in Co. Kerry. Warren (1979b, 1985, 1987) therefore ascribes the Gortian 
deposits to the last interglacial, which is correlated with oxygen isotope stage 5 (Figure 
2.1). 
Bowen et al (1986) make correlations between Quaternary glaciations in England, 
Ireland, Scotland and Wales and outline a tentative chronology of events for the Irish 
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Midlandian cold stage. This sequence broadly follows Mitchell et al (1973) and is based 
on reconstructions made at five major type-sites in the north of Ireland that are named 
essentially on biostratigraphic criteria (Figure 2.1 ). 
In reviewing Quaternary deposits ,rnd glacial stratigraphy in Ireland, McCabe (1987) 
shares some of the views of Warren (1979, 1985), arguing that the majority of multiple 
glacigenic sequences in Ireland can be accommodated within the Midlandian cold stage. 
The term Fenitian is, however, rejected and the term Munsterian reinstated to refer to 
those basal deposits inferred as being of a pre-interglacial age. McCabe also discusses 
the evidence concerning the stratigraphic position of the Gortian interglacial deposits 
and emphasises their problematic nature. He argues that: 
' The age of the Gortian-style interglacial sequences, the implications of their fl or is tic 
composition and their relationship to drift stratigraphy remains a major problem in 
stratigraphic constructions of the Irish Quaternary. The stratigraphic significance of 
many till units must remain largely unknown until these matters are resolved. At present 
it is not clear if the Gortian sequences represent more than one interglacial" (McCabe, 
1987, p.259). 
McCabe does, however, side with the view that the Gortian deposits most likely 
correlate to those of the Hoxnian in the British Isles based largely on the 
palaeobotanical evidence of Watts (1985) (McCabe, 1986, p.315 and 1987, p. 268). 
McCabe (1987) suggested that a new standard stratigraphic sequence for the Late 
Quaternary period in Ireland could not be reconstructed at that time. This resulted from 
uncertainties regarding the age of the Gortian deposits, conflicting evidence from the 
north and south of Ireland and also because the significance of glacial events is poorly 
documented by regional stratigraphy or geochronology. A detailed chronology of events 
for the Midlandian stage in Ireland is, however, presented, which follows the sequence 
previously outlined in Bowen et al ( 1986) (Figure 2.1 ). This reconstruction is based on 
a range of criteria including lithostratigraphy, biostratigraphy, 14C dating and 
sedimentological relationships within depositional sequences and suggests that the 
maximum of the Late Midlandian (Glenavy) stadial glaciation (considered as the last 
glacial maximum, or LGM) occurred between ca. 24-22 ka BP (McCabe, 1987). 
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Figure 2.1 Classification schemes for the Quaternary stratigraphy of Ireland . 
A recent review of current knowledge regarding the Gortian interglacial and its 
stratigraphic position suggests that although interglacial sediments assigned to this stage 
have been recorded at eleven sites throughout Ireland, they remain undated by absolute 
means. However, based on reconstructions of the vegetation assemblages found within 
these deposits, they appear to belong to the middle Pleistocene (Coxon, 1996). 
Bowen et al (1999) proposed a revised correlation of Quaternary deposits in the British 
Isles and Ireland, based on Mitchell et al (1973). Bowen et al (1999) abandon the stage 
names used by Mitchell et al (1973) and instead, deposits from England, Scotland 
Wales and Ireland are correlated on the basis of assigning deposits to respective oxygen 
isotope stage and sub-stages. This is because the stratigraphic positions of certain 
deposits used in Mitchell et al (1973) have now been re-interpreted. For example, 
deposits previously ascribed to the Munsterian are now accommodated within the 
Midlandian sequences (e.g. Warren, 1985; McCabe, 1987). In addition, deposits 
previously ascribed to the British Wolstonian have now been ascribed to the Anglian 
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glaciation, rendering the term Wolsonian redundant ( e.g. Maddy et al, 1991; Keen et al, 
1997). 
In the revised scheme, McCabe ( 1999) also suggests that, for Ireland, interglacial events 
are known from eleven sites . The majority of these are interpreted as Gortian deposits 
reflecting a Middle Pleistocene temperate climate (McCabe 1999). They are correlated 
to oxygen isotope stages 7 or 9 and have an estimated age, based on amino acid dating 
of Cork harbour sequences (Scourse et al, 1992), of c. 428-l 98ka (McCabe, 1999). 
With the exception of two locations, McCabe ( 1999) suggests that deposits, correlating 
to oxygen isotope sub-stage Se, are apparently absent in Ireland. He also suggests that in 
comparison with the records for Early, Middle, and Late Devensian glaciation, records 
of pre-Devensian glaciations are incomplete. The record for multiple Devensian events 
presented by McCabe ( 1999) is based on sequences of deposits described from 
throughout Ireland and includes those outlined previously by Bowen et al ( 1986) and 
McCabe ( 1987). This record is best preserved at Aghnadarragh, Co. Antrim where 
deposits of both Early and Late Devensian glaciations are separated by a deltaic unit 
containing organic deposits, tentatively dated to c.48ka and pollen inferring arctic 
vegetation (McCabe, 1987, 1999). 
Mitchell and Ryan (2001) present a tentative chronological and stratigraphical sequence 
for Late Quaternary events in Ireland (Figure 2.1 ). In this scheme stages names are 
directly correlated with oxygen isotope stages. The Gortian deposits are attributed to 
oxygen isotope stages nine or eleven and Munsterian deposits are attributed to stage six 
or eight. The terms Fenitian Mild and Eemian Warm are used in correlation with stages 
Sd and Se respectively, although no Eemian Warm deposits have been identified. The 
Midlandian comprises of three stages in this scheme, two cold stages, the Drumlin and 
the Main stage, separated by the Aghnadarraghian Mild. 
For the southwest of Ireland, Richards (2002) has outlined a regional lithostratigraphic 
scheme for Quaternary glacial deposits. This scheme incorporates two phases of 
glaciation during the last (Midlandian) cold stage and an earlier phase of glaciation, 
which predates the last warm stage (isotope stage Se). These results correlate well with 
established stratigraphies for Ireland, which identify at least two periods of Midlandian 
11 
ice expansion and an earlier (Munsterian) event (e.g. Bowen et al, 1986; McCabe et al, 
1987; Mitchell and Ryan, 2001). 
Recent developments in dating methods have enabled Bowen et al (2002) to examine 
the precise timing and nature of the l G 1 in Ireland and Great Britain in detail. They 
have suggested, based on e\'idence from cosmogenic nuclide surface exposure dating 
and amino acid geochronology, that the LGM occurred at about 22 cal ka soon after 
Heinrich Event 2. They argue, however, that the most extensive Devensian glacial 
advance was between isotope stage Se and ~ 37.5 cal ka, when all of Ireland and 
Scotland were ice covered. They suggest that it most likely occurred ~40cal ka and may 
have been associated with Heinrich event 4 (Bowen et al, 2002). 
Attempts have been made to outline the underlying reasons for the controversy that 
surrounds the Irish Quaternary stratigraphic record ( e.g. Bowen et al, 1986; McCabe, 
1987; Hoare, 1991 ; Anderson, 1999). These can be summarised as follows : 
1) There is a lack of suitable dated, type sections and distinct stratigraphic marker 
horizons required to form a widely applicable stratigraphic framework. This problem 
has been attributed to repeated and intense glacial stripping of the land-surface during 
Pleistocene glaciations (Bowen et al, 1986; McCabe, 1987; Hoare, 1991 ). 
2) Attempts to correlate an incomplete Quaternary stratigraphy of Ireland to the 
Quaternary stratigraphic scheme of Great Britain and Continental Europe have caused 
unnecessary confusion (Warren, 1985; McCabe, 1987). 
3) The development of a scheme for Irish Quaternary stratigraphy has suffered due to a 
lack of coherence between principal workers, particularly on the subject of 
nomenclature (Hoare, 1991 ; Anderson, 1999). 
Although the there is still no firmly established nomenclature and chronology of events 
for the Late Quaternary in Ireland, this thesis will adopt the sequence outlined in Bowen 
et al, (1986) and McCabe (1987). This sequence is preferred here since the 
nomenclature used in the scheme has been most widely adopted in literature concerned 
with Late Quaternary glaciation in Ireland. In addition, the deposits described in this 
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sequence have been incorporated within the correlations presented by Bowen et al 
(1999) (see McCabe, 1999) and therefore allows for tentative correlation with British 
Quaternary data through the framework defined by oxygen isotope stages. 
2.2 The glaciation of soutlrn est Ireland 
It is largely accepted that during the Late Midlandian Glenavy stadial (approx. 26-13ka 
BP), local valley ice and large ice streams extensively glaciated the area of southwest 
Ireland from a dispersal centre located over the Kenmare valley (Farrington, 1954; 
McCabe; 1986 and Warren; 1979, 1991 ). The focus of this section is to review previous 
research on the Late Midlandian glaciation of southwest Ireland, identifying what 
conclusions have been drawn in terms of inferred ice limits, centres of dispersion and 
directions of flow. Attention will also be given to literature concerned with the 
chronology of ice-sheet growth and decay in southwest Ireland. 
Evidence for the former existence of an independent ice mass in the region of southwest 
Ireland has been a subject of discussion for over a century. Maxwell Close (1867) was 
one of the first to pay particular attention to the glacial evidence in southwest Ireland 
and noted several key observations based on the interpretation of striations in the area. 
He suggested, for the first time, that the evidence exhibited in the southwest was the 
result of glacial ice of considerable dimensions. 
"The extensively and magnificently exhibited glaciation of that district (Kerry and 
West Cork) deserves to be thoroughly worked out and to have a monograph to itself." 
(Close, 1867 p.225.) 
Close ( 1867), differentiated between the evidence of glaciation in the southwest of 
Ireland to that of central Ireland, suggesting that the latter predated the former. He also 
argued that smaller local glaciers in the mountains of the southwest had not formed until 
the cessation of the main glacial event in the southwest. In relation to vertical and 
horizontal ice limits, little evidence was offered other than by making comment on 
glacial rock-scoring (striations) identified above 1900ft (c.600m). Close does discuss 
the critical subjects of ice flow direction and centres of dispersion, suggesting that the 
direction of glaciation must have been transverse to the axis of the promontory 
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(referring to Kerry and West Cork). This view was presented in a map titled "The 
general glaciation of Ireland' (Close, 1867 p.206) and although only hinted at in the 
text, the map infers an ice dispersion centre somewhere in the region of the Kenmare 
Valley. 
"At Kenmare we find vurselres in the track vf a great (ice) stream which has flowed 
from above that town, probably from the neighbourhood of Kilgarvan, down the whole 
length of the valley estuary called Kenmare River" (Close, 1867 p.225). 
Carvill Lewis' (1894) publication was the first to discuss evidence indicating the 
horizontal limits of the ice mass. In his review he envisaged several local systems of 
glaciation in the south of Ireland and suggested that the most important of these was a 
local ice sheet which would have radiated from the Killarney Mountains, covering an 
area of 2000 square miles ( arvill Lewis 1894). He identified the terminal moraine 
associated with this event at a sufficient number of locations to be able to plot, for the 
first time an estimate of the maximum extent of the ice sheet with inferences of ice 
flow direction following those of Close (1867). He also makes reference to the upper 
ice limits of this ice mass by describing the ridge running south-west from 
Mullaghanattin (The Pocket - see figure 4.41) to the coast as glaciated, a subject of 
debate in subsequent literature. 
Following this, W.B. Wright (1914, 1920, 1922, 1927, 1937) established some 
underlying views concerning the nature of glacial events in southwest Ireland. These 
can be summarised as follows: 
1) The centre of the ice that glaciated the area was over the Kenmare River to the west 
of Kenmare town. 
2) The dominant ice-flow direction in the area north of Kenmare was to the north 
(Figure 2.2). 
3) Ice flowing north breached all but the highest hills and spilled out onto the 
Killorglin lowland. 
4) The northern limit of the ice had not been established. 
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Significantly, Wright (1920) was also responsible for the first major attempt at detailed 
mapping of morainic deposits associated with glacial activity in the area of the 
Macgillycuddy's Reeks. However, although in excess of ten individual glaciers and 
their associated terminal and lateral moraines were mapped, Wright ( 1927) was keen to 
stress that the evidence (mainly in the form of glacial drift) also inferred the previous 
existence of ice beyond these limits. Since the source of the aforementioned drift was 
uncertain and a southern provenance for the drift still a possibility, this left Wright with 
no confident, maximum northern limit for the ice. 
Although Charlesworth ( 1928) attempted to map the former extent of glacier ice in 
southwest Ireland, no new evidence was added to the subject of ice sheet limits and 
chronology until Farrington 's (1936) paper. Here, Farrington suggested, for the first 
time, at least two distinct phases of ice-sheet growth in the region. This conclusion was 
based on evidence (stratigraphically older drift deposits) of a previous period of 
glaciation identified at locations both to the east and west of Cork City. Later, 
Farrington refined this view suggesting that each phase may represent a separate 
glaciation and, for the first time, the term Greater Kerry-Cork glaciation was introduced 
(Farrington, 1947). This term was used in reference to the earlier, more extensive glacial 
event (which equates to the Munsterian) defined by the limits of older drift. 
The less extensive, more recent event was defined by ice limits mapped, in part, by 
Lewis (1894) and Wright (1927) and later, more extensively by Farrington (1936, 1947, 
1954). Mitchell (1951) termed this event the lesser Kerry-Cork glaciation ( equated to 
the Midlandian) and used the term in reference to deposits of so-called newer drift in 
southwest Ireland. However, Mitchell (1957) later renamed the event the Killumney 
Mountain glaciation after the terminal moraine deposits identified in the Killumney area 
by Lewis (1894) and Farrington (1954). 
Farrington's (1947) paper focuses specifically on mapping areas that remained free of 
glacial ice during previous glacial periods in the south of Ireland. Here, a map shows the 
main ridge of the Reeks, Purple Mountain, Mangerton Mountain, the ridge running 
southwest from The Pocket and the ridge arow1d and to the southwest of Glenbeigh as 
unglaciated (see figure 2.2). 
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Later, work by Synge (1960) acknowledged the consensus of at least two separate 
periods of glaciation in southwest Ireland and discusses the later event in most detail. 
He suggests, following Lewis (1894) and Farrington (1954), that the Killurnney moraine 
complex represents the western limit of this, the lesser event and that the northern limit 
of the ice is represented by a terminal moraine associated with valley glaciers between 
Killamey and Killorglin in Co. Kerry. Synge (1960) identifies these limits as 
representing the maximum extent of the last glaciation in southwest Ireland and refers to 
the event as the Midlandian General Glaciation. 
King and Gage (1961) also discuss the former extent of glaciation in parts of west Co. 
Kerry. Here consideration is given to both the earlier and later glacial events, with 
particular attention given to the area north west of the Reeks encompassing Behy valley 
and Lough Carragh. They conclude that: 
"During Lesser Kerry-Cork glaciation, which may be reasonably correlated with the 
Weischel of Europe, the Reeks and mountains to the S. W generated ice in sufficient 
volume to nourish a glacier which extended beyond the mountains and expanded into a 
piedmont lobe, reaching to Glenbeigh village and to the neighbourhood of Killorglin ... 
A valley glacier, fed by several corrie glaciers, developed in Glenbeigh to the west, and 
the northern slopes of the Dingle peninsula were occupied by several corrie and valley 
glaciers" (King and Gage, 1961, p.208). 
Williams' (1964) work focussed specifically on the extent to which the most recent 
local glaciation (according to Farrington's 1947 limits) disrupted the pre-existing 
drainage pattern at a number of locations in southwest Ireland, particularly the 
Macgillycuddy's Reeks. Significantly, Williams forwarded some key views concerning 
the nature of the Lesser Cork-Kerry glaciation. These were based on geomorphic 
evidence including erratics, moraines, striations, and ice moulded cols and are 
summarised as follows: 
1) Ice flowed into the Gearhameen valley from a dispersal centre located in the 
vicinity of Kenmare. Here, pressure from the northerly flow of the ice caused it 
to diverge on the southern slopes of the Macgillycuddy's Reeks and flow 
eastward (up the Cummeenduff and Caragh valleys) and westward (toward 
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Upper lake and Muckross Lake) around the mountains, converging on the 
Killorglin lowlands to the north. 
2) The ice that built up in the Cumrneenduff valley most likely resulted in the ice 
flow that moved directly north through the Gap of Dunloe. This Cummeenduff 
ice may then have thickened sufficiently to breach high-level cols. Unfortunately 
no examples given. 
3) On the western face of Purple Mountain, evidence (striations) infers ice reached 
a maximum altitude of at least 579m.OD with possible ice scratches recorded at 
640m.OD. 
4) In contrast, Curraghrnore (822m.OD) exhibits slight traces of ice action to the 
summit. 
5) Ice overtopped all summits of the ridge between Knocklomena (641m.OD) and 
Knockbrack (582m.OD). 
Williams (1964) also noted that a mantle of peat, above 610m.OD on Mangerton 
Mountain, made identifying a former, upper ice limit impossible. 
Orme et al (1964) also mentioned the former upper limits of glaciation in southwest 
Ireland, suggesting that: "Many higher summits, however, were not glaciated. The 
broad domes of Mangerton (840m. OD) and Stoompa, the sharp peaks of the 
Macgillycuddy 's Reeks and several summits in the Jveragh peninsula farther west, 
formed nunataks" (Orme et al, 1964, p.491 ). In contrast to King and Gage (1961 ), 
however, Orme et al appear to consider the area of Glenbeigh (Behy valley) to have 
remained unglaciated during the last glacial maximum and attribute evidence in the area 
to that of the penultimate glaciation (Munsterian). 
Lewis (1967) discussed the glaciation of Behy valley in greater detail. He concluded, 
based on stratigraphical and morphological evidence, that the main Behy valley 
glaciation almost certainly dates from the Greater Cork-Kerry (Munsterian) glaciation, 
with ice during the Lesser Cork-Kerry (Midlandian) glaciation being confined to the 
cirque mouths. Significantly, Lewis also mentions the existence of a series of tors on 
both the ridges east and west of Behy valley and forwards these as evidence suggesting 
that the tops of the ridges remained ice-free during the last glaciation (Lewis, 1967). 
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Bryant's (1968) the is on the glaciation of outh lveragh con iders both upper and 
horizontal limits of the last glacial period. Hi map (Figure 2.2), showing limits of the 
Cummeragh stage (equated to Midlandian) glaciation, demonstrates ice breaching the 
entire length of the ridge running southwest, through south lveragh. Farrington (1947) 
however, viewed much of thi~ ridge as unglaciated. The map also shows Behy valley 
and the area of Glenbeigh as glaciated during the Cummeragh (Midlandian) stage. This 
view i in agreement with King and Cage (I 96 I), but opposes that of Orme et al (1964) 
and Lewis (I 967) who viewed the evidence as a result of the penultimate (Munsterian) 
glacial event. 
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Figure 2.2 Fonner directions of ice flow and unglaciated areas (after Bryant, 1968). 
Bryant differentiated between evidence of glacial erosion related to the Ballinskelligs 
(Munsterian) event and evidence of Cummeragh (Midlandian) ice based upon the 
morphological differences between features of glacial erosion, whereby type A (most 
recent) surface are typically fresh abrasion features, often striated and polished, mainly 
unvegetated and delimited by clear trimlines. Type B surfaces are described as outside 
the limits of type A, generally rounded but with an invariably coarse micro relief and 
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frequently broken along joints and bedding plain, also including occasional patches of 
weathered drift (Bryant, 1968). 
Mitchell et al (1973), in attempting to correlate the Quaternary stratigraphy of Ireland to 
that of the British Isles. briefly mentioned Midlandian ice sheet limits in southwest 
Ireland. Here, moraines identified by Bryant (1968) in the Coomeragh valley and by 
Lewis (1967) in Behy valley, are both attributed to Late Midlandian ice. They suggest 
that the eastern limit of Midlandian ice is represented by moraines at Killumney (after 
Farrington 1957), the western limit by a moraine at Waterville (mapped by Bryant 
1968) and the northern limit by moraines in the vicinity of Caragh Lake (mapped by 
Wright, 1927). 
W.P. Warren 's PhD thesis (1978) and related publications (1977, 1979) focussed 
specifically on the glacial history of the Macgillycuddy' s Reeks and attempted to 
identify former ice limits and to reconstruct former directions of ice movement in the 
area. In terms of glacial chronology, based on stratigraphical evidence from exposed 
cliff sections and the study of glacial deposits to the north of the Reeks, Warren ( 1978) 
identified at least two glaciations. He suggested that the earliest of these should be 
termed the Kerry / Cork glaciation (represented by the Cuan Lathai till member) and the 
later event termed the Drom glaciation (represented by the Drom Till member and later 
referred to as the Kilcummin event) . He also suggested that the Ross Behy interglacial, 
named after the deposits of the Ross Behy raised beach, separated these glaciations. The 
Kerry / Cork glaciation and Kilcummin event of Warren (1978, 1979) are loosely 
correlated to the established Greater and Lesser Kerry I Cork glaciations of Farrington 
(1954) and Mitchell (1951 ). Significantly, the majority of geomorphic evidence 
presented by Warren (1977, 1978, 1979) is ascribed to the Kilcummin event. 
Warren (1978, 1979) suggests that during the Kilcummin event, ice of southern 
provenance pushed against and split on the southern slopes of the Reeks. He suggested 
that it formed two major outlet glaciers to the north. One moved east down 
Cummeenduff Glen and northwards through the trough of Lough Leanne and a second 
moved north through the river Carragh valley. He also suggested that it cut a 250m 
breach in its escape north through the Gap of Dunloe. He describes a large piedmont 
19 
Jobe to the north of the Reek formed by the two main glacier and the ice that flowed 
north through the Gap of Dunloe. Warren (1978, 1979) defined the northern limits of 
this event on the ba i of the Kilcummin moraine and the distribution of tills bearing 
erratics of southern provenance. Ba ed on the e limits, he suggests that the ice of 
southern provenance spread as far north as the southern flanks of the Sliabh Mis 




Ice limits associated with Warrens Kilcumrnin moraine 




l Moralnic deposits 
Figure 2.3 Ice limits and directions of ice flow (after Warren, 1979). 
The areal extent of Warren's Kilcummin event ice mass and indicators of ice flow 
direction are shown in figure 2.3 . Outside of this limit, Warren (1977,1978) describes 
evidence of the earlier glacial event. 
Evidence indicating the former upper ice limit of Warren's Kilcummin event is 
summarised in table 2.1. Based on these observations, Warren (1978, 1979) suggested 
that the ice reached its highest point at 700m O.D. on the southern flanks of 
Carrauntoohil. He also argues that the level of the ice was sufficiently maintained in the 
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Cummeenduff Glen to have breached the main ridge of the Reeks at two locations, 
Allohart and Ballagh, to the west of the Gap ofDunloe (see figure 2.3). 
Mountain / Ridge (I.O.S. ref) Feature described Max. Altitude 
Cnoc na Dtarbh (862,850) Perched blocks on summit 655m .O.D. 
Ballagh coll (861,851) Glacial breach with striae (SW-NE) -
Cnoc an Bhraca (858,855) Morainic deposits 622m. O.D. 
Alohart coll (852,853) Glacial breach - ice planned surface 640m. O.D. 
Striae 610m. O.D. 
Perched blocks 670m. O.D. 
Curraghmore (788,832) Striated roche moutonee (W-E) 700m. O.D. 
Polished rock outcrops 670m. O.D. 
Broaghnabinnia (814,882) Striae to S. W of summit (orientated SE- 610m. O.D. 
NW) 
Stumpa Duloigh (786,797) Ice moulded bedrock and striae 533m. O.D. 
K.nocknabreeda ridge (815,795) Sever ice moulding (orientated SW-NE) 569m. O.D. 
K.nockaunanatin (769,791) Ice moulded features (to summit) 569m. O.D. 
Mullaghanatin (738,774) Glacial breach (to W of summit) 600m. O.D. 
Striae on coll surface 592m. O.D. 
Finnaragh (697,737) Glacial breach (to E of summit) 600m. O.D. 
Ballytrusk (681,775) Knock and lochan topography 320m. O.D. 
Knocknacusha (675,782) Numerous striae 457m. O.D. 
Lateral moraine 500m. O.D. 
Colly (651,808) Trimline 619m. O.D. 
Meenteog (638,825) Numerous striae 580m. O.D. 
Drung Hill (602,872) Glacial erratic blocks 274m. O.D. 
Mack.laun (660,838) Numerous striae 524m. O.D. 
Beenreagh (661,853) Tor identified on summit 495m. O.D. 
Perched boulders (W of summit) 457m. O.D. 
Seefin (688,900) Perched boulders 41 lm. O.D. 
Table 2.1 Upper evidence of glaciation in the Reeks (after Warren, 1978). 
The glaciation of the southwest has received little attention in subsequent literature 
concerned with Late Quaternary glaciation in Ireland. Synge (1979) described 
Midlandian glaciation in the southwest Ireland in terms of a radiating ice centre in Kerry 
- West Cork, and later (Synge, 1981), as a detached independent ice cap about 8500km2 
in size occupying counties Kerry and Cork. However, the limits used in the estimation 
of this figure are not clearly outlined. Mitchell (1981) briefly mentions the subject of 
glaciation in the southwest stating that the Midlandian ice cap in the southwest of 
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Ireland was much smaller and advanced less far westward than ice occupying the area 
during the Munsterian. McCabe (1987) makes reference to Synge's (1981) 8500krn2 ice 
mass and suggests that this occupied southwest Ireland during the Late Midlandian, 
Glenavy Stadial (24-22 ka BP). 
The most recent attempt to map former glacial limits and interpret the chronology of 
Late Quaternary glaciation in southwest Ireland has been published by Anderson et al 
(1998), based on Anderson's (1999) unpublished PhD thesis. Anderson et al ( 1998) 
focussed specifically on Late Quaternary glaciation in the Macgillycuddy' s Reeks and 
suggested that based on contrasting geomorphology, landforms of the area can grouped 
into two distinct landform assemblages (Figure 2.4). Firstly, they identified a main 
glaciation sedimentary landform assemblage that was deposited by Glenavy stadial ice 
sheets and valley glaciers. These are deposits which mantle lower and middle slopes 
around the periphery of the massif and consist of extensive drift sheets, broad low-relief 
moraine ridges, and localised fluvioglacial deposits. Second, they identified a distinct 
zone of local landform assemblages. These are comprised of moraine ridges and drift 
sheets characterised by their fresh appearance and confined to the high-level valleys and 
cirque basins. To provide further evidence in support of these two geomorphic zones, 
Anderson et al (1998) applied Schmidt hammer testing as a method of comparing the 
degree of rock weathering inside and outside of the zone of local glaciation. These 
results suggested that bedrock surfaces were significantly less weathered within the 
zone of local glaciation compared with those outside of this zone. These findings are 
interpreted by Anderson et al (1998) as evidence of two distinct phases of Late 
Midlandian glaciation, rather than one cycle of active retreat under Glenavy stadia! cold 
climate conditions and the local glaciation is attributed to Younger Dryas (Nahanghan) 
cooling (Anderson et al, 1998). 
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Figure 2.4 Zones of Late Quaternary glaciation in the Macgillycuddy 's Reek (after Anderson et al, 1998 
and Anderson, 1999). 
In addition to the two zones of glaciation outlined above, Anderson (1999) suggests that 
a more re tricted zone of inner local glaciation can be distinguished from an outer zone 
of local glaciation. He suggests this on the basis that moraine ridges within the inner 
local zone di play a fresher appearance characterised by teeper lopes and sharper 
ridge crests. This is in comparison with the outer local zone where moraine ridges are 
described as more massive and displaying greater relief and drift sheets are thicker. He 
tentatively correlates the inner local glaciation to the Younger Dryas (Nahanghan) and 
suggests that the outer local glaciation may be contemporaneous with the Drumlin 
readvance phase identified elsewhere in Ireland ( e.g. Synge, 1981 ). Within this local 
outer zone of glacial landform assemblages, however, Anderson includes a number of 
features, which have been ascribed by Warren (1979) to a much more extensive 
Midlandian event (Warren's Kilcurnmin event). Most significantly, these include the 
Hags teeth moraine complex and moraine on the western side of the Coomloughra Glen. 
In addition, Anderson's (1999) mapping suggests that during his re-advance stage ice 
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breached the mam ridge of the Reeks directly south of Lough Callee and Lough 
Gouragh, a notion not previously conceived (Figures 2.3 and 2.4). 
2.3 The periglacial trimline hypothesis 
The term 'trimline · was introduced by Lawrence ( 1950), working in southeastern 
Alaska, in reference to a line marking recent upper limits of former glacial surfaces that 
could be identified on the basis of differences in tree cover. The concept was furthered 
by the work of Reusser et al (1954), who interpreted geomorphological evidence in 
addition to botanical evidence as criteria for identifying trimlines marking recent former 
upper limits of glacial surfaces. This work highlighted the usefulness of 
geomorphological evidence over botanical evidence since the former enabled 
discrimination between permanent firn and glacial ice. In addition, the work indicated 
the potential significance of geomorphological characteristics in attempts to reconstruct 
former glacial surfaces. Development of this early concept led to the subsequent 
formulation of a trimline method of defining the former maximum upper limits of 
Quaternary ice masses, which is based entirely on geomorphological characteristics. 
This method has been termed the periglacial trimline hypothesis (Ballantyne and Harris, 
1994). 
The term 'periglacial trirnline' is used in reference to geomorphic boundaries marking 
''the maximum level to which glacier ice has eroded or 'trimmed' a pre-existing zone of 
frost-weathered bedrock or debris on a hillslope" (Ballantyne and Harris, 1994, p. 182). 
Periglacial trimlines can be identified in formerly glaciated landscapes as marked 
geomorphic boundaries between the upper limits of evidence of glacial activity ( e.g. ice 
moulded bedrock, roches moutonees, striae, glacial erratics and till) and lower limits of 
periglacial forms such as in situ frost weathered detritus and tors (Bryant, 1968; Thorpe, 
1981, 1986, 1987; Porter and Orombelli, 1982; Ballantyne, 1990, 1997). Where 
successive ice advances of lesser magnitudes have occurred, more than one trimline 
may be recognised ( e.g. Ballantyne, 1997). In this scenario, weathering zones separate 
the successive trimlines where weathering and soil development are less advanced 
below any trimline than above (Figure 2.5). 
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Figure 2.5 Fonnation of two successive trimlines separating three weathering zones (after Ballantyne and 
Harris, 1994). Stage I is prior to glaciation. During phase 2, ice sheet expansion occurs and nunataks 
form. During stage 3 ice sheet downwastage occurs and a trimline becomes apparent. During stage 4 
valley glaciation occurs. Stage 5 is marked by the retreat of valley glaciers revealing a second trimline. 
Bryant (1968) developed the trimline method in attempting to define former upper 
limits of Late Quaternary ice masses on the South Iveragh Mountains, southwest 
Ireland. He identified trimlines on the basis of "a change in the micro relief of the 
ground surface, i.e. from 'knoch and lochan' to less irregular topography" (Bryant, 
1968, p.24). He suggested that trimlines are often accentuated by a definite notch 
feature in the hillside and by differences in vegetation cover. He also observed that they 
are best recognised where the erosive capacity of the former glacier was at its greatest, 
for example flanking the sides of steep rock steps (spurs) and other topographical 
constrictions to former ice flow. In addition, Bryant suggests that in between such 
topographical constrictions, trimlines are often more difficult to identify, particularly on 
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valley sides where mass movement deposits occur. (Bryant, 1968). Warren (1978) 
however, dismissed Bryant's (1968) criteria for the identification of trimlines. This was 
on the suggestion that in order to produce knock and lochan topography, an estimate of 
250-300m of ice thickness is required to provide sufficient pressure, ice plasticity, and 
erosive capacity (after Linton, 1963). 
In mainland Scotland, Thorpe ( 1981) refined the trimline concept considerably by 
mapping marked contrasts between smooth, ice-moulded and severely frost-affected 
bedrock on the upper slopes of mountains in the western Grampians. He interpreted 
these as trimlines marking a former upper glacial ice limit and assigned a Loch Lomond 
Stadia! ( equated to the Younger Dryas) age to them based on correlation with dates 
collected elsewhere. Thorpe identifies these trimlines on a variety of rock types and at 
altitudes of between 31 Om and 820m. He suggests that steep mountain spurs, 
particularly those with axes at right angles to former ice flow direction provide the 
clearest evidence of trimlines; whereas less clear limits occur where ice flowed parallel 
to spur axes. He also suggested that the trimlines recorded at higher altitudes 
demonstrated more clearly defined limits that those recorded at lower altitudes. In 
addition, he noted the importance of geology to the clarity of trimline and suggested, 
based on field observations of bedrock joint development, that some rock types are 
more resistant to frost weathering (e.g. coarse grained massive granites) than others and 
that these preserved the oldest evidence of glacial erosion (Thorpe, 1981 ). 
Following this work, Thorpe (1986) applied his refined trimline method to expanding 
his earlier work. This involved reconstructing the form of a 2000km2 mountain icefield 
that occupied the western Grampians at the time of the Loch Lomond Stadia! maximum 
(Thorpe, 1986). In this attempt, Thorpe followed his earlier criteria for the identification 
of trimlines and mapped evidence of trimlines on a total of 198 mountain spurs. Of 
these, 171 yielded trimlines that could be narrowed down to a vertical zone of error of 
60m or less . 
Other reconstructions of inferred Younger Dryas-aged ice masses using a periglacial 
trimline method include the work of Anderson (1999) in southwest Ireland and 
Ballantyne ( 1989) on the Isle of Skye, Scotland. In the latter example two icefields 
(155km2 and 1 0km2 in area) and ten corrie glaciers (totalling 16km2 in area) were 
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reconstructed. These were attributed a Younger Dryas (Loch Lomond stadia!) age on 
the basis of an absence of Lateglacial pollen sites, shorelines and periglacial features 
within the limits of local glaciation. 
A greater wealth of research in North West Europe has, however, focussed on 
attempting to reconstruct, using a periglacial trimline approach, the former vertical 
limits of Quaternary ice masses at the time of the Last Glacial Maximum (LGM). Areas 
where this has been attempted include the north west of Scotland (Ballantyne, 1997; 
Ballantyne et al, 1997; Ballantyne et al, 1998), the Isles of Skye (Ballantyne, 1990), 
Mull and Jura (Ballantyne, 1999), Rum (Ballantyne and McCarroll, 1997), Harris and 
South East Lewis (Ballantyne and McCarroll, 1995) and most recently South Uist 
(Ballantyne and Hallam, 2001 ). Work has also concentrated on the southwest English 
Lake District (Lamb and Ballantyne, 1998), Snowdonia, North Wales (Mccarroll and 
Ballantyne, 2000; Hughes, 2002a, 2002b; McCarroll and Ballantyne, 2002) western 
Norway (Nesje et al, 1987; McCarroll and Nesje, 1993) and southern Norway (Nesje et 
al, 1988; Nesje et al, 1994). 
The periglacial trimline concept and a number of alternative hypotheses have developed 
from more widespread research into related topics . These include the nunatak 
hypothesis, periglacial frost weathering and age and origins of mountain top features 
and deposits and also the effectiveness of glacial erosion and the vertical distributions of 
features of glacial erosion and deposition. 
2.3.1 The nunatak hypothesis 
One of the key assumptions of the periglacial trimline hypothesis is that any terrain 
above an inferred periglacial trimline will have remained ice free and existed as a 
nunatak for the duration of the glaciation to which that trimline has been attributed. The 
term nunatak (Inuit) is used in reference to mountain summits that are surrounded on all 
sides, but not covered by glacial ice (Benn and Evans, 1998; Bennett and Glasser, 
1996). Examples of glaciated regions that currently support nunataks include parts of 
Iceland, Greenland, Arctic Canada, Patagonia, and Antarctica. The view, that some 
mountain summits remained unglaciated during previous periods of glaciation is termed 
the nunatak hypothesis. 
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The nunatak hypothesis was first conceived by botanists, notably Blytt (1876) and 
Sernander (1908), in attempts to explain certain peculiarities in the distributions of some 
vascular plant species in Scandinavia. The hypothesis stated that some unglaciated 
refuges existed in Scandinavia or elsewhere north of the southern boundary of the 
Pleistocene glaciers where certain plant and animal species could survive the last or 
previous glacial ages (Ives. 1974; Dahl, 1987). The hypothesis has received attention 
from two distinct groups: those who have researched species distributions as primary 
sources of evidence and those who have focussed on geomorphological evidence. 
Biological evidence in favour of the nunatak hypothesis has been generated through 
investigations into the distribution and re-colonisation of certain plant ( e.g. Dahl, 1946, 
1961) and insect species (e.g. Lindroth, 1957). This research has focussed on explaining 
current species distributions via the nunatak hypothesis and on rejecting the principal 
alternative hypothesis. This is termed tabula rasa and suggests that current distributions 
simply reflect re-colonisation since deglaciation (Dahl, 1987). A more detailed review 
of biological lines of evidence is outside of the interests of this project but can be found 
in Ives (1974) and Dahl (1987). 
Significant debate with regards to the nunatak hypothesis has come from research into 
the geomorphological characteristics of summits inferred as former nunataks (Ives, 
197 4 ). This research has focussed on the age, origin and significance of mountain top 
features and deposits ~hich include tors, blockfields, (felsenmeer in European and 
kurums in Russian literature), blockslopes and other deposits inferred as frost weathered 
rock debris . 
2.3.2 Periglacial frost weathering and mountain top features and deposits 
The term 'periglacial' was first proposed by Lozinski (1909) to describe the frost 
weathering conditions associated with the production of rock rubbles in the Carpathian 
Mountains. The process of frost weathering is of great significance to the periglacial 
trimline method of reconstructing former vertical glacier ice limits since the periglacial 
trimline hypothesis assumes that geomorphic features such as tors, blockfields, 
blockslopes and in situ mountain top deposits are the result of intense and prolonged 
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frost weathering under ice free periglacial conditions (Thorpe, 1981, 1986; Ballantyne, 
1997). It is therefore important to establish the nature of the landforrn - process 
relationship between frost weathering and the mountain top features and deposits listed 
above. This relationship has been examined in research that has focussed on the nature 
and effectiveness of frost weathering processes, the origin and age of these features and 
deposits and also the po. sibility of their sur\'i\'al beneath passive glacial ice. 
2.3.3 The nature and effectiveness of frost weathering 
The disintegration and breakdown of in situ rock under cold-climate conditions has 
been referred to using a number of terms including cryogenic weathering (e.g. French, 
1987, 1996) and frost weathering ( e.g. Ballantyne and Harris, 1994; Williams, and 
Robinson, 2001 ). These are used as collective terms in reference to a combination of 
mechanico-chemical processes now believed to be responsible for the in situ weathering 
of rock under cold climate conditions (French, 1996). Tricart (1956) classified frost 
weathering into microgelivation and macrogelivation according to size of weathering 
products, while other classifications ( e.g. Lautridou, 1988) have been based on the 
nature of frost weathering processes. Tricart 's (1956) classification is favoured here 
since it makes no assumptions concerning the specific nature of the process, or more 
likely processes, responsible for the weathering products. 
The breakdown and disintegration of rock in cold climate environments has been 
traditionally attributed to expansion stresses imposed on joints, cracks, bedding planes, 
pores and fissures within rock by the freezing and volumetric expansion of water 
(Ballantyne and Harris, 1994; French, 1996). This concept evolved from experimental 
work by Bridgeman (1912) who demonstrated that upon freezing at 0°C, water 
expanded volumetrically by some 9% and thus generated stresses sufficient to fracture 
rock. Further development of this theory, however, led research to question the nature 
and effectiveness of this simple explanation. For example, Grawe (1936) suggested that 
actual effective stresses, resulting from expansion of freezing pore-water, would be 
significantly lower than potential stresses due to the likely presence of compressible air 
in rock pores and fissures. In addition, research has demonstrated that in order for 
volumetric expansion to generate stresses significant enough to fracture rock, 
volumetric expansion must occur in a hydraulically closed system. The process 
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therefore requires a high degree of rock saturation and conditions of rapid freezing 
(ideally to between -5°C to -15°C) from the rock surface inward, thus sealing pores and 
cracks in the rock (McGreevy, 1981; Walder and Hallet, 1985, 1986; Hallet at al, 1991). 
There are two widely documented alternatives to the volumetric expansion hypothesis . 
The segregation ( or capil/wy) ice theory (Walder and Hallet, 1985, 1986; Hallet et al, 
1991) suggests that rock breakdown occurs through water migration to ice within 
micro-fissures and other loci of weakness e.g. bedding planes. The ordered water (or 
hydration) hypothesis suggests that sorption of unfrozen water onto clay surfaces may 
result in the generation of pressures and internal stresses significant enough to cause 
rock breakdown (White, 1976). 
Some research has emphasised the importance of chemical weathering to the breakdown 
of bedrock in alpine environments, under cold climate conditions ( e.g. Reynolds, 1971; 
Dixon et al, 1984 ). Reynolds (1971 ), for example, found that significant quantities of 
vermiculites and smectite were forming from igneous and metamorphic bedrock in the 
alpine zone of the northern cascades, Washington, North America. These findings 
indicted that chemical weathering was a quantitatively significant process and that its 
importance in similar regions may previously been underestimated. Dixon et al (1984), 
working on the Vantage Peak nunatak, southern Alaska, also identified chemical 
weathering processes as significant, notably dissolution and clay mineral formation. In 
addition, Williams and Robinson (2001) have emphasised the importance of salt to the 
process of frost weathering. 
Research on rates of rock weathering under cold climate conditions has developed 
through field based and laboratory based work. The former is exemplified by research 
published by Small et al (1997), which investigated erosion rates of alpine bedrock 
summit surfaces on four western U.S mountain ranges . Using cosmogenic 10Be and 26 Al 
measurements, they calculated mean bedrock erosion rates of 7.6 +/- 3.9 m. per million 
years and suggested that these are comparable to results calculated for other non-alpine 
environments. They also suggest that bedrock is not weathered into transportable 
material more rapidly in alpine environments even though frost weathering should be 
intense in these environments. Laboratory based simulations include that by Konishchev 
and Rogov (1993) who attempted to calculate rates of bedrock weathering by frost 
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action over a single freeze thaw cycle. Their results emphasised the significance of rock 
moisture conditions and of rock type on weathering rates. 
Reviews on the subject of frost weathering ( e.g. French, 1996; Ballantyne and Harris, 
1994) have suggested that no single process should be identified as the mechanism of 
rock breakdown under cold climate conditions. Instead they have argued that a 
combination of cryogenic \\"eathering processes is most likely responsible and that a 
complex of variables controls the rates of these processes. These include rock type, rock 
temperatures, rock moisture contents, rock moisture chemistry, granulometry, 
mineralogical composition and rock microstructure. 
Ballantyne and Harris ( 1994) have commented on the general state of understanding of 
the subject of frost weathering suggesting that both laboratory and field based research 
has focussed heavily on the nature and rate of microgelivation. In doing so it has 
somewhat overlooked the process and environmental significance of macrogelivation 
(also referred to as frost wedging). 
2.3.4 The age and geomorphological origins of mountain top f ea tu res and deposits 
A feature commonly interpreted as reflecting macrogelivation of exposed rock surfaces 
is the presence of extensive accumulations of angular boulders and coarse rock debris. 
These accumulations of mountain top rock detritus are termed blockfields or felsenmeer 
and are considered analogues to the debris mantled upland surfaces or 'kurums' of 
Arctic regions (French, 1996). 
These features are common in areas of hard well-bedded lithologies such as sandstones 
and shales and examples have been described from Europe ( e.g. Ballantyne, 1998) Asia 
(e.g. Kwon, 1978) Africa (e.g. Lewis, 1994) North America (e.g. Sugden and Watts, 
1977) and Oceania (e.g. Caine, 1967). The distribution of these features has been related 
to the susceptibility of such rock types to frost wedging along major joints and bedding 
planes which results in the production of coarse debris and angular boulders (French, 
1996). 
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Attempts to classify mountain top deposits have been based primarily on morphology 
and sedimentology. For example, Ballantyne (1984) suggested that three types of 
mountain top deposits could be identified on Scottish mountains and that each owed 
their origins to intense and prolonged periglacial weathering. First, openwork block 
deposits characterised by a surface cover of boulders with little or no interstitial fine 
material. Second, sandy diamict deposits that described as debris-mantled surfaces in 
which clasts are embedded in a sandy matrix. Third, silt-rich frost susceptible 
diamictons that contain a substantial portion of fine silts and sands. He suggests that all 
three types appear to be the product of mechanical weathering to fairly shallow depths 
under periglacial conditions during the Late Devensian. He also suggests that the depth, 
structure, clast sizes and matrix granulometry of such deposits are highly dependent on 
the response of the underlying lithology to processes of microgelivation and 
macrogelivation (Ballantyne, 1984). Ballantyne and Harris (1994) present a more 
simple two-fold classification of mountain top detritus. Here, blockfields and 
blockslopes are characterised by a lack of interstitial fines, and debris mantled surfaces 
and slopes are characterised by clasts embedded in a matrix of fines. 
Literature concerned with mountain top features and deposits has raised three main 
arguments that are of relevance to the periglacial trimline hypothesis. The first is 
concerned with the age of the features and deposits. This is of relevance since the 
periglacial hypothesis assumes that the mountain top features and deposits interpreted as 
periglacial in origin pre-date those interpreted as glacial. The second concerns the 
geomorphological origins of such mountain top features and deposits which is of 
relevance since the hypothesis assumes that they are not glacial in origin. The third 
argument raises the possibility that these features may have survived beneath glacial ice, 
and this is relevant to the periglacial trimline hypothesis since the lower limit of these 
features and deposits are used in defining the former, maximum upper ice limit (Thorpe, 
1981 , 1986, 1987; Ballantyne, 1990, 1997). 
The arguments concemmg the age of mountain top features and deposits have 
developed two main opposing views. The first view suggests that these mountain top 
features and deposits formed as a result of weathering processes subsequent to ice 
retreat or down-wastage after the time of the LGM and are therefore of no use to 
reconstructions of former LGM ice limits (e.g. Dahl, 1966; Gangloff, 1983; Ballantyne, 
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1998). This view is supported by Dahl (1966) for his interpretation of summit block 
fields and tor-like features of the Narvic Mountains, Norway, who suggests that: 
"The well developed state of the bloclifields around snowfields on scarcely weathered 
bedrock surfaces, the high local variability of the deve lopment of the bloclfzelds and the 
result of the comparatii-e X-ray analysis of the mineral distribution yield the conclusion 
that the blockfield material in the district consists of postglacial weathering products 
and isolated erratics " (Dahl, 1966, p.55). 
The alternative, more widely adopted view, which is consistent with the periglacial 
trimline hypothesis, suggests that these features and deposits formed prior to the onset 
of deglaciation and therefore predate the LGM. The basis for this view is that summit 
blockfields are composed of frost shattered, angular clasts and demonstrate clear 
evidence of in situ bedrock weathering and yet ice scoured bedrock identified just 
outside of the limits of summit blockfields often exhibits little or no signs of 
weathering. This indicates a significantly earlier exposure age for the summit deposits 
compared with surrounding ice scoured bedrock. This interpretation has been applied in 
studies that have inferred pre-LGM ages for summit blockfields in England ( e.g. Lamb 
and Ballantyne, 1998), Scotland (e.g. McCarroll et al, 1995), Wales (e.g. McCarroll and 
Ballantyne, 2000) Ireland (e.g. Bryant, 1968; Rae and Harrison, 2002; Rae et al, 2004), 
Canada (e.g. Ives, 1957; 1958) and Norway (e.g. Nesje, 1989; Nesje and Dahl, 1990) 
The question of geomorphological origins of mountain top tors and angular in situ 
bedrock deposits is closely related to the question of age and has stimulated a number of 
hypotheses. Firstly, there are those who are of the view that these features and deposits 
are composite in origin and comprise glacial deposits, re-worked under post-LGM and 
possibly Holocene cold climate conditions ( e.g. Dahl, 1966; Gangloff, 1983) For 
example, Gangloff (1983) suggests that the felsenmeers of the Tongat Mountains, 
northern Labrador are reworked till deposits. This interpretation is supported by 
evidence indicating that the matrixes of the felsenmeers and the youngest tills are 
characterised by the same granulometry, clay mineralogy and micromorphology of the 
sand fraction. 
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Second, there are those who have suggested that the deposits are periglacial in origin 
and that they formed in cold climate environments, which remained free of glacial ice 
for at least the duration of the last main glaciation ( e.g. Nesje and Dahl, 1990; Dahl et 
al, 1996; Ballantyne et al, 1997; Ballantyne et al, 1998; Stone et al, 1998). Supporters 
of this view have argued that a lack of evidence for frost weathering on formerly 
glaciated bedrock located just outside of the clearly identifiable limits of summit 
blockfields discredits the view that these features formed under cold climate conditions 
subsequent to deglaciation ( e.g. Ballantyne, 1997). In addition, the depth of the 
weathered detritus (often in excess of lm.) makes the possibility of formation 
subsequent to de-glaciation unlikely ( e.g. Rea et al, 1996a). Instead, it has been argued, 
for example by Ballantyne et al (1998) for blockfield deposits of northwest Scotland, 
that the features formed under the prolonged periglacial conditions which prevailed 
throughout the duration of the last main (Late Devensian) glaciation. Supporters of this 
view have also argued that erratic blocks identified within or on top of blockfield 
deposits may have been misidentified or may relate to a previous (pre Late Devensian) 
period of glaciation (e.g. Grant, 1977; Nesje, 1989; Ballantyne eta!, 1997). 
A third school of thought suggests that such features and deposits may owe their origins 
to, or at least exhibit relict evidence of, weathering under pre-Pleistocene warm 
conditions (e.g. Roaldset et al, 1982; Nesje, 1989; Rea et al, 1996a; Rea et al, 1996b). 
This view has been based on differences in the clay mineralogy of sediment samples 
collected from within mountain top blockfield deposits when compared with samples 
collected from outside of the blockfield limits. In particular, research has demonstrated 
that sediment samples collected from the C-horizons of soils developed beneath summit 
blockfield deposits are more likely to contain gibbsite that those soils formed on 
glaciated landforms and deposits ( e.g. Ballantyne, 1994; Ballantyne and McCarroll, 
1995; Ballantyne, 1997; Ballantyne and Mccarroll, 1997; Ballantyne et al, 1997; Lamb 
and Ballantyne, 1998; McCarroll and Ballantyne, 2000; Ballantyne and Hallam, 2001). 
Gibbsite is an aluminium hydroxide whose formation has been attributed to high 
intensity, prolonged rock weathering and is most commonly identified in tropical soils 
(Mellor and Wilson, 1989). Identification of gibbsite within alpine soils beneath 
blockfield deposits is therefore often attributed to the presence of a relict weathering 
product that developed during pre-Pleistocene warm conditions (e.g. Hall et al, 1989, 
Mellor and Wilson, 1989; Hall, 1991; Ballantyne, 1994; Ballantyne and McCarroll, 
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and McCarroll, 1995; Ballantyne, 1997; Ballantyne and McCarroll, 1997; Ballantyne et 
al, 1997; Lamb and Ballantyne, 1998; Mccarroll and Ballantyne, 2000; Ballantyne and 
Hallam, 2001) 
Some researchers have, however, argued an alternative hypothesis altogether in 
attempting to explain the age and origins of mountain top tors and angular in situ 
bedrock deposits. This alternative hypothesis suggests that such mountain top features 
and deposits may have urvived the last and possibly earlier Quaternary glaciations 
beneath a veneer of non-erosive, cold-based ice, thus making them of little or no use to 
reconstructions of former upper ice sheet limits (Ives, 1958, 1966; Falconer, 1966; 
Sugden and Watts, 1977; Whalley et al, 1981; Klemen and Borgstrom, 1990; Sollid and 
S0rbel, 1994; Klemen, 1994; Klemen and Borgstrom, 1994; Rea et al, 1996a; Rea et al, 
1996b; Klemen and Stroeven, 1997; Rea et al, 1998; Rea et al, 1999; Hatterstrand and 
Stroeven, 2002; Briner et al, 2003; Rea and Evans, 2003). This hypothesis is based on 
the existence of an englacial thermal boundary between shallow, inactive and 
protective, cold-ha ed ice, and active warm-based and erosive ice. Such thermal 
boundaries are thought by some to occur between areas of high plateaux and summit 
surfaces (thin, cold-based ice) and outlet troughs (warm-based and erosive) (e.g. 
Klemen and Stroeven, 1997; Sugden and Watts, 1977; Rea et al, 1996a; Rea et al, 
1996b; Rea et al, 1998; Rea et al, 1999; Rea and Evans, 2003 and Briner et al, 2003) 
(Figure 2.6). 
ICE SURFACE 
Cold based passive ice 
[}/ J Plateaux top blockfield deposits ~ Ice-scoured bedrock 
Figure 2.6 Model for preservation of plateaux-top blockfields (modified from Rea et al, I 996b ). 
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Others, (e.g. Hatterstrand and Stroeven, 2002; Stroeven et al, 2002) have maintained 
that such englacial thermal boundary conditions may occur in the centres of ice masses 
due to the radial, divergent nature of ice flow from a centre or divide. Under these 
circumstances, thermal conditions beneath the centre of a mass are assumed never to 
have reached pressure melting point due to pre-existing periglacial conditions and low 
pressures and tlO\v velocities (Figure 2. 7). Hatterstrand and Stroeven (2002) and 
Stroeven et al (2002) use this interpretation to account for the presence of well-
developed tors, boulder fields , and weathering mantles m the Parkajoki area of 
northeastern Sweden, which is near to the former centre of the Fennoscandian 
glaciation. 
Wet bed - erosive ice 
Figure 2.7 Preservation oflandforms in the centre of an ice sheet (after Klemen, 1994). 
A number of studies have used an englacial thermal boundary hypothesis to account for 
the occurrence of gibbsite and other exotic minerals in buried sediments beneath 
blockfields, interpreted as remnants of pre-Pleistocene weathering. For example Rea et 
al (1996a) and Rea et al (1996b) use this interpretation to account for some plateau-top 
blockfields in north Norway. In these investigations, it is suggested that evidence of 
prolonged chemical weathering of the blockfield deposits is evident from enrichment in 
silt and clay fractions and that this is supported by XRD identification of preserved clay 
minerals. This evidence is interpreted as representing remnants of pre-glacial 
weathering products preserved as a result of stable tectonics and non-erosive glacier 
cover, most likely by cold-based ice (Rea et al, 1996a; Rea et al, 1996b ). 
Falconer (1966) and Whalley et al (1981) have outlined further convincing evidence in 
support of the hypothesis, describing preserved features which have emerged at the 
margins of contemporary receding or down-wasting ice masses. For example, Whalley 
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et al (1981) describe a distinct colour difference between weathered rock outcrops and 
felsenmeer, and a band of lighter-coloured boulders on the plateau surface of a receding 
plateau ice-cap in Lyngen, north Norway, The lighter-coloured rocks are described, as 
having few weathering rinds, sparse lichen cover and significantly, their extent appears 
to be continuous beneath the ice. The preservation of these features in this instance is 
attributed to bas.1! ice conditions being below pressure-melting point and hence cold-
based and non erosive. 
As a result a number of researchers have conceded the possibility of feature 
preservation beneath thin non-erosive ice cover (e.g. Dahl, 1987; Nesje et al, 1988; 
Nesje, 1989; McCarroll and Nesje, 1993). Research opposing the preservation 
hypothesis has, however, argued that the transition between ice moulded terrain and 
summit block field deposits is too sharp, often occurring within a few tens of meters, to 
represent a thermal boundary which would have most likely been subject to migration 
during ice sheet build up and decay ( e.g. Ballantyne, 1990; McCarroll et al, 1995; 
Ballantyne and McCarroll, 1995; Ballantyne and McCarroll, 1997). In addition, the 
limit between summit blockfield deposits and ice moulded terrain can often be traced 
down-valley with descending altitude and parallel with indications of former ice flow 
directions, to a point where the limit merges with lateral moraine deposits ( e.g. 
Ballantyne, 1997; Ballantyne et al, 1997). 
2.3.5 The effectiveness of glacial erosion 
The periglacial trimline hypothesis suggests that the upper limits of evidence of glacial 
erosion and deposition can be used as a criterion for identifying former vertical ice 
limits. This notion has, however, received opposition from those who have argued that 
features of glacial erosion, including ice scoured bedrock, roche moutonees and 
striations require ice to be above a critical thickness in order be an effective enough 
agent of erosion for them to form (e.g. Linton, 1963; Warren, 1978). It is therefore 
deemed necessary to give consideration to the effectiveness of processes of glacial 
erosion at the vertical margins of ice masses. 
A number of factors have been identified which affect the pattern of glacial erosion 
beneath glacial ice masses and hence the distribution of features of glacial erosion in a 
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formerly glaciated landscape. Sugden and John (1976) have suggested that these factors 
can be grouped into four sets. First, glaciological variables include basal velocity, 
thermal regime, shear stress and normal stress, subglacial hydraulics and drainage 
systems and supply of debris to basal ice. Thermal regime is the most important 
glaciological control on patterns of erosion since significant erosion can only occur 
where basal ice is at pressure melting point and can hence slide. Second, the physical 
condition of the subglacial bed includes bedrock lithology, thickness and composition 
of unconsolidated sediments and degree of preglacial weathering. Third, topographical 
variables, includes the morphology of the surface in contact with glacial ice at a wide 
range of scales. At the smallest scale topographic variables influence local patterns of 
glacial flow and determine concentrations of stress at the bed. At a larger scale, 
topography has an influence and may control the location of glacier masses and their 
morphology, dynamics and efficiency as agents of erosion. Finally, temporal variables 
include the duration of glaciation and changes in any of the above over time. 
2.3.6 Summary of alternatives to the periglacial trimline hypothesis 
In summary, three significant alternatives to the periglacial trimline hypothesis have 
been suggested to explain the occurrence of similar high level weathering limits 
between frost-weathered and ice moulded terrain. These are as follows: 
1) The weathering limit may represent a thermal boundary or shear zone within the 
former ice sheet, with frost-weathered debris surviving beneath passive cold-based 
ice on higher ground while lower areas experienced glacial scouring by warm-based 
ice streams. In addition, the survival of such landforms and deposits may imply a 
pre-glacial origin. (e.g. Ives, 1958, 1966; Falconer, 1966; Sugden and Watts, 1977; 
Whalley et al, 1981; Klemen and Borgstrom, 1990; Sollid and Smbel, 1994; 
Klemen, 1994; Klemen and Borgstrom, 1994; Rea et al, 1996a; Rea et al, 1996b; 
Klemen and Stroeven, 1997; Rea et al, 1998; Rea et al, 1999; Hatterstrand and 
Stroeven, 2002; Briner et al, 2003; Rea and Evans, 2003). 
2) Enhanced breakdown of rock may have occurred on high ground due to weathering 
conditions following glaciation (e.g. Odell, 1933; Tanner, 1944; Dahl, 1966; 
Gangloff, 1983; Ballantyne, 1998; Ballantyne et al, 1998). 
38 
3) Trimming of high-level frost debris occurred during a period of ice sheet re-
advance, rather than at the ice sheet maximum (e.g. Follestad, 1990 and Ballantyne, 
1997; Ballantyne et al, 1998). 
2.4 Validating periglacial trimlines and weathering limits 
Methods used to validate the periglacial trimline hypothesis have been based upon 
differentiating between weathering zones, separated by inferred periglacial trimlines, by 
means of dating. These methods can be subdivided into two groups. Firstly, methods of 
relative age dating and second, methods of quantitative age dating. 
Relative age dating techniques in geomorphology involve attempting to date features 
and deposits, relative to one another by assessing indicators of change which have 
occurred subsequent to deposition or formation (Beck, 1994). Most commonly, these 
involve assessing indicators of the degree of rock weathering or soil formation 
(McCarroll, 1991). These include thickness of weathering rinds, measurements of rock 
hardness, relief and microscopic relief of mineral veins, boulder surface roughness, soil 
depth, thickness and degree of soil horizon development, soil granulometry, and 
chemical properties. Four principal relative age dating techniques have been used to 
validate the periglacial trimline hypothesis. These are Schmidt hammer R-value 
analysis, measuring the depths of dilation joints, analysing clay-sized mineral 
assemblages of soil samples and measuring environmental magnetic parameters of soil 
samples. 
2.4.1 Schmidt hammer 
The Schmidt hammer ( or sclerometer) is a small portable instrument developed in 1948 
for non-destructive in situ concrete testing, which records the distance of rebound (R-
value) following impact with a surface at a constant force (Schmidt, 1951 ). The 
Schmidt hammer has been successfully used in geology and geomorphology to provide 
a measure of the surface hardness of rock. The distance of rebound (r-value) following 
an impact is dependant on the elastic recovery of the bedrock surface, which has been 
impacted against. As the elastic recovery of a bedrock surface is related to hardness, the 
Schmidt hammer can be used to infer differences in the surface structure of bedrock 
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outcrops (e.g. Yaalon and Singer, 1974; Barton and Choubey, 1977; Day and Goudie, 
1977; Day, 1980; Williams and Robinson, 1983). 
The potential of the Schmidt hammer as a measure of the degree of rock surface 
weathering, was first identified by Barton and Choubey ( 1977). They suggested that 
field measurements of the compressi\ e strength of joint surfaces yielded lower R-values 
than laboratory tests on fresh rock samples because the rock in the field was weathered. 
Following this, Matthews and Shakesby (1984) developed the concept by suggesting 
that the relative age of morainic deposits in southern Norway could be inferred from the 
degree of weathering of boulder deposits identified by Schmidt hammer testing. 
Subsequently, the chmidt hammer has been used as an indicator of the degree of rock 
surface weathering and as a method of relative age dating on a number of features and 
deposits. These have included morainic deposits ( e.g. Evans et al, 1999; McCarroll, 
1989, 1989a), mass movement deposits (e.g. Nesje et al, 1994a; Dawson et al, 1986), 
raised shorelines (Sjoberg, 1990; Sjoberg and Broadbent, 1991), features of glacial 
erosion ( e.g. Anderson et al, 1998; Ballantyne, 1997; Ballantyne et al, 1997; Ballantyne 
et al 1998· Ballantyne and McCarroll, 1995; McCarroll and Nesje, 1993; Nesje et al, 
1994) and features indicative of periglacial frost weathering (Ballantyne, 1997; 
Ballantyne et al, 1997· Ballantyne et al, 1998; Ballantyne and McCarroll, 1995; 
McCarroll and Nesje, 1993 ; Nesje et al, 1994). 
Relative age dating based upon assessing the degree of rock surface weathering using a 
Schmidt hammer is however, problematic. This is because a number of factors other 
than surface hardness of rock have been identified that have an effect on Schmidt 
hammer R-values. These are summarised in figure 2.8. 
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Figure 2.8 Factors influencing Schmidt hammer R-values (after McCarroll , 1994). 
Williams and Robinson (1983) focussed on the importance of surface texture on the 
determination of rock surface hardness using the Schmidt hammer. They suggested that 
smooth planar surfaces give much higher readings than rough or irregular surfaces. 
They therefore pointed out that this makes the interpretation of R-values difficult when 
the hammer is used to measure hardness of natural rock surfaces, which have been 
subject to weathering. McCarroll (1991) further emphasised the significance of rock 
surface texture and suggested that only where surfaces had a similar texture prior to 
weathering can R-values be compared directly. 
Mccarroll (1987) investigated Schmidt hammer instrument error and outlined five 
potential sources. 
1) Individual Schmidt hammers vary to such an extent that it cannot be assumed 
that new or newly calibrated hammers are directly comparable and that hammer 
condition cannot necessarily be deduced by comparison with new or newly 
adjusted hammers. 
2) Poor adjustment and wear may result in anomalously low values, which will 
influence statistics used to summarise the distribution of the data. 
3) R-values will vary with increased hammer use. Mean values tend to decrease 
with use although not necessarily in a predictable pattern. 
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4) The standard calibration does not apply to the R-values obtained from all 
hammers. 
5) As a hammer deteriorates, frequency distributions of data will change. In 
particular, R-value dispersion increases with use. 
Katz et al (2000) evaluated the relationship between mechanical rock properties 
(lithology) and Schmidt hammer R-\'alues and suggest that R-values reflect an 
interrelated combination of rock properties that include hardness, surface smoothness, 
density, degree of cementation and elastic modulus strength. They suggest that testing 
should only be carried out on smooth surfaces where rock is well cemented and 
apparently elastic and recommend a minimum size for samples of a few tens of 
kilograms. Sumner and Nell (2002) have also suggested that rock moisture can be a 
significant factor in interpretations of the relative state of rock weathering from Schmidt 
hammer R-values and showed that R-values are found to decrease with increasing 
internal moisture content. 
A number of recommendations have been made with regard to the application of the 
Schmidt hammer in geomorphology. Day and Goudie (1977) suggest that the following 
five points need to be observed when using the instrument in the field: 
1) The test site should not be too near the edge of a rock mass, near a void or a 
joint as lower readings are likely to result. 
2) Test surfaces should be flat and free of flakes or dirt. 
3) A repeated test in the same spot or near it will result in increased readings. 
4) The number of impacts at any site should be 10 or 15 and more should be made 
if the material is highly variable. 
5) R-values will vary according to the angle of the surface. This is due to the 
influence of gravity on the hammer mechanism. 
McCarroll (1987, 1989, 1991, 1994) has made the following recommendations with 
regards to the use of Schmidt hammer specifically in relative dating. 
• Schmidt hammers must be regularly tested and calibrated following the 
procedure outlined by McCarroll (1987). 
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• A pilot study should be conducted to ensure a satisfactory sample design. 
• R-values should be compared from an area of uniform geology 
• Surface roughness indicators are not accurate enough to allow for differences in 
R-values obtained from surfaces of similar roughness to be attributed entirely to 
weathering. 
• Boulder roundness data may assist 111 determining whether anomalously low 
values reflect fresh, but rough, angular boulders, or older weathered boulders. 
In addition Anderson et al (1998) and Anderson (1999) have suggested that rock 
surfaces that have been bleached by chemically weathering due to the former presence 
of peaty soil should be avoided. They also suggest that hammer readings should be 
taken at a consistent angle to the principal structural planes of the rock. 
In summarising the potential and limitations of the Schmidt hammer for relative age 
dating, McCarroll (1991) suggests: "Although the Schmidt hammer has some potential 
for measuring rock weathering and thus for interpreting relative age, it should only be 
seen as a rapid inexpensive and convenient technique for preliminary assessment" 
(McCarroll , 1991, p.268). 
2.4.2 The depths of dilation joints 
Another method of relative age dating weathering zones above and below inferred 
periglacial trimlines is the measurement of depths of open joints on bedrock outcrops 
(e.g. Ballantyne and McCarroll, 1995; Ballantyne, 1997; Lamb and Ballantyne, 1998; 
Ballantyne and Hallam, 200 l ). This method has been used to distinguish between frost 
weathered and ice moulded terrain on the basis of contrasts in the depths of open joints 
in rock outcrops that lay under the glacial ice compared to those which remained ice-
free during periods of glaciation (Sissons, 1967; Sissons, 1980; and Ballantyne, 1982). 
It is suggested that processes characteristic of severe periglacial conditions ( e.g. large 
scale frost wedging and macrogelivation) result in volumetric expansion stresses 
sufficient to expand joints and fracture rock. It is therefore proposed that open joints on 
bedrock outcrops will, on average, be significantly deeper above the periglacial trimline, 
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where prolonged periglacial activity has occurred, compared with areas where glacial 
erosion has dominated (Ballantyne, 1982; Ballantyne and Harris, 1994). 
Ballantyne (1982) demonstrated the application of this technique and presented open 
joint depth data from inside and outside the limits of Loch Lomond stadial glaciers in 
Wester Ross, Scotland. Subsequently, the technique has been applied in reconstructions 
of the former vertical limits of Loch Lomond stadia! and LGM age ice masses 
elsewhere in Scotland (e.g. Ballantyne and McCarroll, 1995; McCarroll et al, 1995; 
Ballantyne et al, 1998; Ballantyne and Hallam, 2001) and England (Lamb and 
Ballantyne, 1998). Very little attention has, however, been given to the assumptions and 
problems associated with this technique. 
One principal assumption is that the processes of macrogelivation are responsible for 
the formation of open joints on bedrock outcrops. However, glacial processes have also 
been identified that result in enhanced bedrock joints. For example, bedding planes, 
joints and other lines of bedrock weakness may be exploited and expanded by the 
stresses generated by the flow of ice over them (Bennett and Glasser, 1996; Benn and 
Evans, 1998). In addition, pressure release from unloading of glacial ice may generate 
fractures and joints parallel to erosional surfaces (Bennett and Glasser, 1996). This 
process has been used by Glasser (1997) to account for sheet joints developed on the 
sides of glacial valley in the Scottish Cairngorms. 
Second, application of the method assumes that processes of macrogelivation are largely 
inoperative at present. Ballantyne (1982), in discussing joint depths on Scottish 
mountains, argues that there is abundant evidence in support of this notion. For example 
there is limited modification of rock that has been exposed near summits during recent 
centuries, such as rockfall deposits. In addition, that mountain top frost shattered clasts 
are often rounded and covered by moss, lichen or vegetation. This suggests that the 
deposits have experienced prolonged stability with only superficial modification 
resulting from granular disintegration. Most significantly, in Scotland, frost weathered 
detritus appears restricted in distribution to areas outside of the limits of Loch Lomond 
Stadia! glaciers. This suggests that macrogelivation has been largely inoperative since 
the retreat of these glaciers (Sissons, 1967, 1980; Ballantyne, 1982; Ballantyne and 
Wain-Hobson, 1980; Cornish, 1981; Thorp, 1981). 
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Ballantyne et al (1998) have identified lithology as an important factor affecting 
measurements of the depth of bedrock joints. They suggest that on some lithologies 
(e.g. Cambrian Quartzites and Moine mica-schists), breakdown of rock outcrops is too 
advanced for measurements to be made and on others (e.g. basic igneous rocks) 
insufficient data can be collected due to the paucity of joints. Therefore measurements 
are limited to lithologies where abundant outcrops of intact rock exist above and below 
inferred periglacial trimlines (e.g. Torridonian Sandstone and Lewisian Gneiss). 
2.4.3 A semblages of clay sized minerals 
Differences in soil weathering characteristics above and below inferred periglacial 
trimlines have been identified using X-ray diffraction analysis of basal soil samples and 
this has demonstrated that soils from above former trimline limits contain more varied 
clay-sized mineral assemblages than those from below ( e.g. Ballantyne and McCarroll, 
1995; Ballantyne, 1997; Ballantyne and McCarroll, 1997; Ballantyne et al, 1997; Lamb 
and Ballantyne, 1998; McCarroll and Ballantyne, 2000; Ballantyne and Hallam, 2001 ). 
The increased variety of clay-sized mineral species recorded above inferred trimlines 
elsewhere in the British Isles have been attributed to the survival of unglaciated 
sediments on former nunataks which have been subject to prolonged chemical 
weathering (Ballantyne, 1994; Ballantyne and McCarroll, 1995; Ballantyne, 1997; 
Ballantyne and McCarroll, 1997; Ballantyne et al, 1997; Lamb and Ballantyne, 1998; 
McCarroll and Ballantyne, 2000; Ballantyne and Hallam, 2001). 
Particular attention has been paid to the identification of gibbsite (Al(OH)3) in samples 
from sites in Scotland ( e.g. Wilson, 1969; Wilson and Brown, 1976; Hall and Mellor, 
1988; Mellor and Wilson, 1989; Ballantyne, 1994). This is because the pedogenic 
formation of gibbsite is associated with intense and prolonged weathering and is 
frequent and abundant in old soils of tropical environments (Mellor and Wilson 1989). 
Mellor and Wilson (1989) found that gibbsite occurred far more frequently and in 
substantially greater quantities in C-horizons of Scottish montane soils when compared 
with A and B-horizons. On the basis of analysis via binocular and scanning electron 
microscopy, they suggested that the gibbsite appeared to be the product of intense 
decomposition of feldspars, particularly plagioclase feldspars. The presence of gibbsite 
was therefore interpreted as a relict feature derived from a preglacial Pleistocene or 
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possibly Tertiary regolith that formed under humid warm to subtropical conditions. 
Ballantyne (1994) assessed the C-horizons of soils developed on basalt at locations 
above and below an inferred periglacial trimline on the Trottemish Escarpment, Isle of 
Skye. He found that gibbsite was restricted to soils above the trimline and suggested 
that its occurrence was due to weathering under periglacial conditions during the last 
main glaciation or most likely \\eathering under pre-Pleistocene humid-temperate 
conditions. On the basis of these findings he suggested that identification of high-level 
periglacial trimlines and associated contrasts in clay mineralogy provide a means of 
constraining reconstructions of the upper limits of past ice sheets (Ballantyne, 1994). 
2.4.4 Environmental magnetic parameters 
Recent work by Walden and Ballantyne (2002) has demonstrated that soils from above 
periglacial trimlines representing the upper limit of ice masses at the LGM in Scotland 
yield significantly different environmental magnetic susceptibilities and artificial 
remanence properties than those from below. They have suggested that these contrasts 
can be attributed to the much longer weathering histories of soils above former limits in 
comparison with those below that have developed since the LGM. They also suggest, 
however, that the nature of the contrasts is conditioned by lithology. In the case of 
basalt they found that all concentration dependant parameters were higher for samples 
from above the trimline and suggested that this probably reflected more pronounced 
transformation of iron from non-magnetic to magnetic forms. For sandstone soils, 
however, they found that most concentration-dependant parameters are significantly 
lower for samples from above the trimline, probably reflecting loss of ferromagnetic 
minerals from dissolution and oxidation into imperfect antiferromagnetic forms. They 
also suggest that a higher hard isothermal remanence magnetism (HIRM) value for 
sandstone soils above a trimline may reflect enrichment by haematite fragments spalled 
from sandstone grains. They argue that the significant contrasts between samples from 
above and below the trirnline represents a new approach to validating periglacial 
trimlines of the Last Glacial Maximum. However, in view of the significant contrasts 
obtained from the two lithologies, they suggest that use of environmental magnetism 
measurements for validating former vertical ice limits cannot be applied across mixed 
lithologies (Ballantyne and Walden, 2002). 
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2.4.5 Quantitative age dating: cosmogenic isotope techniques 
Recent developments in accelerator mass spectrometry techniques have made it possible 
to measure small enough amounts of cosmogenic radionuclides (e.g. 10Be 26Al 36Cl and 
14C) to determine exposure ages of terrestrial surfaces (Kurz and Brook, 1994). This has 
enabled some studies to test the hypothesis that periglacial trimlines separate weathering 
zones with surface exposure ages that increase with elevation ( e.g. Brooke et al, 1996; 
Marsella et al, 1995; Ballantyne et al, 1998; Stone et al, 1998; Marsella et al, 2000; 
Stroeven et al, 2002; Briner et al, 2003). 
Brooke et al (1996) have applied cosmogenic nuclide (10Be 26 Al) exposure age dating 
along a vertical transect in an area formerly glaciated by the Fennoscandian glaciation 
in Western orway. Their results demonstrated exposure ages of >55ka for the 
blockfields and weathered bedrock within the weathering zone above an inferred 
trimline at 1660m and an exposure age of 26-21 ka for glaciated bedrock below. They 
suggested that this indicated that the upper most zone of weathered bedrock formed 
before the last glacial maximum and hence supports the periglacial trimline hypothesis 
(Brooke et al, 1996). 
Stone et al (1998) have applied cosmogemc isotope ( 10Be 26 Al 36Cl) methods of 
exposure dating to periglacial trimlines on two mountains in northwest Scotland. Their 
results showed that bedrock below the weathering limit had consistent exposure ages 
with the Late Devensian glaciation and that six out of seven samples above the limits 
yielded minimum exposure ages older than Late Devensian ice expansion. They argue 
that this suggests that the mountain summits stood as nunataks during the last main 
phase of glaciation and rule out the possibilities of formation of the limits by periglacial 
rock breakdown since deglaciation, trimming during a re-advance or enhanced 
weathering prior to climatic warming during ice-sheet downwastage. They also suggest, 
however, that their results do not preclude the possibility that the weathering limits may 
mark a former englacial boundary between passive, cold based and erosive, warm based 
ice, although 10Be/26 Al ratios for high-level bedrock surfaces provide no evidence for 
prolonged static ice cover (Stone et al, 1998). 
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Marsella et al (1995, 2000) applied cosmogenic 10Be and 26 Al dating methods to test 
the concept of weathering zones, trimlines, and the nunatak hypothesis in the area of 
eastern Baffin Island, Arctic Canada. Their results indicated that the uppermost 
weathering zone, composed of summit tors and blockfields yielded exposure ages of 
>59ka. This was in comparison with lower zones, which yielded ages of between 24-
9ka. Based on these results they suggest that the uppermost zone either stood as a 
nunatak or was covered by cold-based non-erosive ice during the last main phase of 
glaciation and thus providing a prior exposure history. However, they argue that neither 
the weathering zone concept nor the thermal-regime model can be substantiated using 
their results (Marsella et al, 2000). 
Stroeven et al (2002) have provided evidence in opposition to the concept of weathering 
limits and periglacial trimlines using cosmogenic radionuclide exposure dating. They 
have described a relict landscape, which includes features such as tors and blockfields, 
in an area of northeastern Sweden that they suggest was glaciated during the 
Fennoscandian glaciation. They applied 10Be and 26 Al dating to three tors that yielded 
surface exposure ages of between 79-37 ka in an area deglaciated at c. l lka. They 
suggest that these dates are consistent with the interpretation of these features as relict 
landforms that have survived multiple glacial cycles with little or no modification. 
Most recently, Briner et al (2003) have used cosmogenic radionuclide exposure dating 
to test the weathering zone concept and the significance of perched erratics on highly 
weathered upland surfaces along the northeastern margin of the Laurentide ice sheet in 
Arctic Canada. 10Be and 26 Al concentrations from three perched erratics yielded 
considerably lower cosmogenic exposure ages (17-11 ka) than the two unmodified, 
highly weathered tor upon which they lie (>60ka). They interpret these finding as 
suggesting that non-erosive ice covered weathered upland surfaces along the 
northeastern margins of the Laurentide ice sheet and argue that their results challenge 
the use of relative weathering to define the upper limits of Pleistocene ice sheets. 
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Chapter 3.0 Methods and Methodology 
3.1 Research strategy and methodology 
Previous attempts to reconstruct the former vertical limits of Late Quaternary ice 
masses, using the periglacial trimline hypothesis, have tended to map high-level 
weathering limits in a selected study area and then apply empirical methods of testing 
the degree of rock and soil weathering above and below the mapped limits. In this 
approach rock and soil weathering data are grouped into two categories, above and 
below the trimline and then these data sets are statistically compared and contrasted. In 
order to test for a relationship between rock and soil weathering characteristics and 
altitude, empirical rock and soil weathering data are then usually plotted against the 
altitude from which they are collected. Statistical tests are then applied to determine 
whether there is an altitudinal trend within either above or below data sets. 
The problem with this approach when testing for a relationship between rock and soil 
weathering characteristics and altitude is that the surface gradient of ice masses are 
known to vary considerably over relatively short horizontal distances, for example at the 
periphery of ice sheets and ice caps or where they are forced to flow around large 
topographical constraints such as mountains (Benn and Evans 1998). Therefore, plotting 
data sets from different parts of a study area, for example opposite end of a valley, 
against altitude and on the same axis, without distinguishing between the two data sets 
would fail to account for the non-uniform altitude of the limit. This would thus 
potentially mask any altitudinal trends or sharp boundaries within the data (Figure 3.1). 
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Figure 3 .1 Hypothetical rock weathering data from opposite ends of a valley. When Tl and T2 are viewed 
individually, a positive correlation between rock weathering and altitude is apparent. If TI and T2 were 
viewed as one data set, however, altitudinal trends would be masked. 
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Here a research methodology is followed that allows a more sophisticated interpretation 
of empirical rock and soil weathering data. 
In the first results chapter, the geomorphology of the study area is outlined. This section 
is presented in the form of a series of maps and accompanying descriptions, which focus 
on outlining the distribution of, and limits between, glacial and periglacial landform 
assemblages within the study area. 
In the second results chapter, rock and soil weathering data are presented from a number 
of upslope transects made on spurs and shoulders that have been selected on the basis of 
their potential for exhibiting evidence of periglacial trimlines. For each selected spur or 
shoulder, a map is presented that shows the geomorphology and the locations of soil 
sampling sites and rock weathering test sites. Rock and soil weathering data, from each 
spur, are plotted against the altitude from which they were collected and are categorised 
into above and below data sets with respect to the mapped weathering limits. Statistical 
tests are then applied to confirm whether there are significant differences between the 
above and below rock and soil weathering data sets. Tests are then also applied to 
determine whether there is an altitudinal trend within either above or below rock and 
soil weathering data sets. 
Rock and soil weathering data are then presented in a third results chapter that 
incorporates all the data collected from the entire study area. These data are categorised 
into above and below data sets on the basis of the location from which the data were 
collected with respect to the mapped weathering limits. Above and below data sets are 
then compared and statistically assessed so that contrasts in the data sets can be 
identified. This holistic presentation of data is to test for significant differences in the 
degree of rock and soil weathering above and below the mapped limits. The data in this 
section is presented method by method so that they can be compared with regards to 
their potential for validating the mapped limits . 
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3.2 Geomorphological mapping technique 
Mountain houlders, spur , col , summits, and ridges within the field area shown in 
Figure 2 were traversed. Field mapping wa carried out at locations considered to have 
been least affected by postglacial mass movement, in order to determine the upper limits 
of evidence for glacial erosion and lower limits of periglacial fo rms. The observed 
limits were mapped onto a eries of enlarged base maps, reproduced from I :25000 and 
1 :50000 Irish ordnance survey maps (see references for sheet numbers). These maps 
were then digitised using Adobe Photoshop and Illustrator software and checked for 
accuracy u ing digitally enhanced Ordnance Survey of Ireland aerial photographs that 
were enlarged to the same scale. To overcome the problems of distortion between the 
map and the aerial photographs, a series of grid corrections were used to realign the 
aerial photograph images, following the procedure outlined by Anderson (1999). All 
maps and location reference follow the Irish ordnance survey system of grid 
referencing 
For the purpose of this investigation, attention has been given to the distribution of 
those geomorphic features that are associated with periglacial processes and glacial 
activity. These features have been mapped and grouped as four distinct landform 
assemblages on the basis that each group of landforms have formed as a result of the 
same geomorphic process. These include features of glacial erosion, features of glacial 
deposition, frost weathered and in situ bedrock forms and frost weathered detritus. 
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Figure 3.2 Key to maps showing geomorphology and locations of sample sites. 
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The most common features of glacial erosion in the study are ice moulded and ice 
scoured bedrock forms. These include a variety of features, identifiable at a range of 
scales. At the smallest scale they include friction cracks, striations and p-forms. At a 
meso-scale, features identified include streamlined bedrock features (e.g. whalebacks 
and streamlined hills) and stoss and lee features (e.g. roche moutonees) and at macro-
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scale they include zones of aerial scour, glacial troughs and giant stoss and lee forms. 
These features are all represented on maps as sequences of lines with smoothed corners 
(Figure 3.2) since they all indicative of the former presence of erosive, and hence warm-
based, glacial ice. 
Features of glacial deposition have been mapped as drift deposits, indicated by white 
triangles (Figure 3 .2). Drift is used here as a collective term to describe a range of 
sediments and sedimentary landforms deposited by a glacier or of glaciogenic origin 
(Lowe and Walker 1997). Deposits that have been identified and classified as drift 
include varieties of tills, morainic deposits and erratics. In addition to the symbol for 
drift, morainic limits have also been mapped as solid lined with inward pointing v's and 
if moraine crests are present they are indicated by a dashed line. 
The term frost weathered detritus is used here to describe the mountaintop and 
mountainside frost-weathered regolith that mantles many of the upper slopes and 
summits of the study area. Elsewhere ( e.g. Ballantyne and Harris 1994), these deposits 
have been classified into block deposits (referred to as blockfields, blockslopes) and 
debris mantled surfaces and slopes. However, since the origins of these deposits has 
been largely attributed to periglacial frost weathering, it was not deemed necessary to 
map them as geomorphologically distinct features. Therefore, all forms of frost-
weathered detritus are represented on maps as areas of short randomly orientated black 
dashes. Frost weathered detritus has, however, been distinguished from in situ bedrock 
forms since the former may have been subject to downslope movement. 
Features and landforms interpreted as frost weathered in situ bedrock forms include tor 
and tor-like features , macrogelivated bedrock outcrops and frost-shattered cliffs and 
rockwalls . Maps make no distinction between these features. This is because it is argued 
that they all owe their origins to periglacial frost weathering. Frost weathered in situ 
bedrock forms are represented on maps as continuous jagged lines (Figure 3.2). 
3.3 Assessment of rock weathering characteristics 
In order to assess the degree of rock weathering, Schmidt hammer R-values and 
measurements of dilation joint depths and frequencies have been made at a total number 
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of 162 locations. 73 locations were above the limits between periglacial and glacial 
forms and 89 below these limits. Locations for testing were chosen that best reflected 
the condition of exposed rock in the immediate surrounding area. 
3.31 Schmidt hammer R-va)ues 
It is argued that bedrock outcrops situated abo\'e a former maximum upper ice limit will 
have been exposed to prolonged processes of periglacial weathering resulting in 
weakened bedrock surface structures. As a result, it is assumed that testing on outcrops 
above a former maximum upper ice limit will generate lower R-values than testing on 
bedrock outcrops subject to the most recent processes of glacial erosion ( e.g. Day, 1980; 
McCarroll and Nesje, 1993; Ballantyne, 1997; Anderson et al, 1998). 
Rebound (R) values were collected from bedrock outcrops in data sets of 25 
measurements per location using a type N Schmidt hammer. Measurements recording 
an R-value of <10 were assigned the value 9. This was since the R-value scale on the 
hammer used in this study did not record values below 10. In order to minimise the 
influence of technique error, the precautions outlined by Day and Goudie (1977), Day 
(1980), McCarroll (1987, 1989, 1994) and Sumner and Ne! (2002) were adhered to and 
a sampling strategy was adopted following that of Anderson et al (1998) (refer to 
section 2.4.1). 
3.32 Depths of bedrock dilation Joints 
It is argued that processes characteristic of severe periglacial conditions ( e.g. large scale 
frost wedging and macrogelivation) result in volumetric expansion stresses sufficient to 
expand joints and fracture rock. Therefore, it is assumed that open joints on bedrock 
outcrops located above a former maximum upper ice limit, where prolonged periglacial 
activity has occurred will, be significantly deeper, compared with joints on bedrock 
outcrops subject to the most recent processes of glacial erosion (Sissons, 1967; Sissons, 
1980; Ballantyne, 1982; Ballantyne and Harris, 1994 ). 
Depths of open bedrock joints were determined using a measuring probe and data sets 
of 30 measurements (15 from horizontal and 15 from vertical surfaces) were generated 
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for each bedrock outcrop tested. The procedure outlined by Ballantyne (1982) was 
adopted for the purpose of this research. However, any joints that measured more than 
35cm deep have been assigned a joint depth of 36cm since 35cm was the maximum 
length of the probe used. Here, horizontal and vertical joints have been measured 
independently to enable comparisons to be made between the two data sets. 
3.33 Frequencies of bedrock dilation joints 
Rock outcrops tested were also assigned an open joint frequency index. This index is 
based upon the hypothesis that bedrock outcrops located above a former periglacial 
trimline will exhibit more frequent dilation jointing than those outcrops below the limit 
as a result of exposure to prolonged and intense weathering and having escaped 
processes of glacial erosion. This index has been introduced as a quick and quantitative 
indicator of the relative degree of bedrock rock surface weathering and can be applied to 
very large bedrock masses and to outcrops with no exposed faces deemed suitable for 
Schmidt hammer testing. Index numbers assigned to a given bedrock outcrop equate to 
the frequency of above 5 cm. deep joints per typical m2 (Table 3.1). Results from this 
method of testing form interval type data and therefore allow the subsequent application 
of statistical tests for significance that include the Chi-square test. 





No. of 5cm > joints per m2 
=O 
= 1 - 5 
= 6 -10 
= 11+ 
Table 3.1 Table showing joint frequency index numbers. 
3.4 Assessment of soil weathering characteristics 
Soil samples of approximately 0.5kg were extracted from the C-horizons of a total of 89 
soil pits and exposures. Locations for soil pit excavations were chosen in areas that were 
deemed least likely to have been affected by downslope processes. Samples were 
therefore collected from the C-horizons of soils developed on mountain summits, cols, 
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shoulders, spurs and ridges. Samples were stored in airtight sample bags and 
refrigerated for the period of time between collection and processing. 
To prepare samples for X-ray diffraction analysis and measurements of environmental 
magnetic parameters, the <2µm and <63 µm fractions, respectively, for each sample 
were isolated. The <63~tm fraction of each sample was iso lated through standard wet 
sieving procedures. In order to isolate the <2µm fraction, the <63µm fractions of the 
samples were placed in beakers that contained 500ml of deionised water and 10ml of 
sodium hexametaphosphate solution (5%) and left to soak overnight. Samples were then 
vigorously stirred and allowed to settle for 8 hours for every 10cm of solution depth, 
following settling velocities given by Jackson (1979). 
3.41 X-ray diffraction analysis of clay-sized minerals 
Once the clay size fraction ( <2µm) of each sample had been isolated, samples were 
analysed by X-ray diffraction (XRD) to identify the most frequently occurring mineral 
species. XRD was conducted using a Philips PW 1700 diffraction system equipped with 
a Copper anode, operating at 34 kV and 40rnA, using a 1/4 ° divergence slit and a 
01.mm receiving slit and a curved crystal monochromator. A number of techniques for 
preparing orientated sample were tested. These included packing dry samples into the 
cavity of aluminium slides and also centrifuging samples in solution onto ceramic 
slides. The clearest diffraction traces were, however, generated by quick-drying samples 
in solution onto the surface of a glass slides that had been placed on a warm hotplate 
(see Hauff et al 1982). This method was therefore deemed the most suitable method of 
orientated sample preparation and was thus used for preparation of all samples. Samples 
were scanned through the range 3-40° (20) at a speed of 0.002° (20) s·1• 
Auxiliary treatments were conducted on a small number of samples as a pilot study with 
a view to further investigation at a later time. These treatments involved two stages of 
heat treatments (300 and 500°C) and also treatment with ethylene glycol. These 
treatments are applied in order to differentiate between clay species that cannot be 
differentiated on the basis of XRD alone. Results of this pilot study can be seen in 
appendix v (pages AlOl-Al 12). Applications of auxiliary treatments, although 
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beneficial, were not applied to all samples. This was because such detailed investigation 
was deemed outside of the remit of this thesis. 
3.42 Environmental magnetic measurements 
The clay plus silt ( <63 ~un) fraction of each sample was isolated, air-dried and packed 
into standard 10ml containers. Magnetic susceptibility (x) was measured at low and high 
frequency, using a Bartington MS2 susceptibility meter with an MS2B sensor and 
following the procedure outlined by Dearing (1999). Artificial remanence properties 
were assessed following procedures outlined by Walden (1999). For these 
measurements, a Molspin IA magnetometer, a Molspin AF demagnetizer, equipped 
with an anhysteretic remanent magnetisation (ARM) attachment, and Molspin 1 T and 
9T pulse magnetizers were employed. 
These measurements allowed the calculation of the following standard environmental 
magnetic parameters. Initial low field mass specific susceptibility (XJr) is approximately 
proportional to the concentration of ferromagnetic minerals present in a sample 
(Dearing, 1999). Anhysteretic remanent magnetisation (Xarm) reflects the concentration 
of ferromagnetic grains present in the 0.02 to 0.4 µm size range (Walden, 1999). 
Saturation isothermal remanent magnetisation (SIRM88omT) is related to the 
concentrations of all remanence-carrying minerals in a sample but is also dependant on 
the type of mineral assemblage and their grain sizes (Walden 1999). Soft isothermal 
remanent magnetisation (IRM2omT / SIRM), although grain size dependant, is 
approximately proportional to the concentration of ferromagnetic minerals present and 
hard isothermal remanent magnetisation (SIRM-IRM300mT I SIRM) is an approximate 
reflection of the concentration of canted anti-ferromagnetic minerals present (Oldfield 
1991 ). In addition, the ratio of saturation isothermal remanent magnetisation to 
anhysteretic remanent magnetisation (SIRM / Xarm) has been calculated as a first-order 
indicator of magnetic grain size (Maher and Taylor 1989). 
56 
Chapter 4.0 Geomorphological evidence of high-level weathering limits 
4.1 Rationale behind selection of map areas 
The periglacial trimline hypothesis suggests that trimlines are most likely to be 
preserved in areas of intense glacial erosion such as mountain shoulders, spurs, and 
ridges, orientated perpendicular to former ice flow. Indicators of former ice flow 
directions in the study area suggest that ice moved north from a centre or divide in the 
vicinity of Kenmare and diverged on the southern slopes of the Macgillycuddy's Reeks 
(Wright, 1927; Bryant, 1968; Warren, 1979). This ice moved northwest around the 
western slopes of the Macgillycuddy' s Reeks, north through the Gap of Dunloe and 
northeast through the trough of Lough Leane between Mangerton Mountain and Purple 
Mountain, and converged on the lowlands to the north (Figure 4.1). 
Consequently, geomorphological mapping has focussed on shoulders spurs and ridges 
that occur on the southern, eastern and western slopes of the Reeks and also those on 
Purple Mountain, Tomies Mountain, Shey Mountain and Mangerton Mountain that lie 
due east of the Reeks. Attention has also been given to the high terrain that lies directly 
to the south and southwest of the central ridge of the Macgillycuddy's Reeks. This 
includes Broaghnabinnia and the ridge orientated east to west from Knocknabreeda to 
Knockaunanattin, Knocklomena, and also the horseshoe shaped ridge that incorporates 
Mullaghanattin (Figure 4.2). Detailed descriptions of the geomorphology of the 
numerous cirque basins occurring within the mapped areas are not provided here since 
the focus of this project is the nature and upper limits of the regional ice cap thought to 
have occupied the area during the LGM and not independently nourished local glaciers. 
Detail is, however, provided on the upper limits of ice-scoured bedrock and lower limits 
of frost-weathered bedrock on the backwalls of cirque basins. This is because the upper 
limits of ice-scoured bedrock on the backwalls of cirque basins, may in some instances, 
reflect the upper-most features of glacial erosion in the immediate area, and may also 
merge down valley with limits of features of glacial erosion associated with regional 
ice. For descriptions and detailed discussion on the age and geomorphology of cirques 
valleys in the Macgillycuddy's Reeks and surrounding areas refer to Warren (1978) and 
Anderson (1999). 
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Figure 4.1 Map showing fonner ice flow directions in the study area. 
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4.2 Map area 1 - Purple Tomies and Shey 
The distribution of, and the limits between, glacial and periglacial landform 
assemblages for Map area 1 are shown in figure 4.3. 
The mountains Purple, Tomies. and Shey lie between the trough of Lough Leane to the 
east and the valley of the Gap of Dunloe to the west. The Gap of Dunloe slopes from a 
maximum elevation of 230m OD at the southern head of the Gap to 90m OD at the 
northern valley mouth over a distance of 5km. It is narrowest toward the south, where 
valley sides slope sharply to the summit of Cnoc na dTarbh (655m OD) and the central 
ridge of the Reeks to the west, and Purple Mountain (832m OD) to the east. The valley 
floor is deeply incised and ice-scoured with thick accumulations of peat infilling 
bedrock hollows and basins and a notable absence of drift deposits. The trough of Loch 
Leane encompasses Muckross Lake and Upper Lake and is also deeply ice scoured and 
largely devoid of drift deposits. 
There are contrasts in the geomorphology of the north and northeastern slopes of these 
mountains when compared with the terrain on the southern and western slopes. The 
valley floor and lower slopes on the western and the southern sides exhibit clear and 
widespread evidence of glacial erosion in the form of ice scoured bedrock and stoss and 
lee features. Drift deposits are relatively sparse, thin, and discontinuous and only occur 
in topographic hollows and inlets. However, on the lower slopes of the north and 
northeastern sides, there is a notable absence of evidence for glacial erosion and features 
of glacial deposition are more widespread. There are also stark altitudinal contrasts in 
the geomorphology of these mountains. On the southwest shoulder of Purple Mountain, 
the geomorphology changes markedly above 580-600m OD. Below this limit, glacially 
smoothed and polished bedrock is continuous to the valley floor. Above the limit, 
however, there is no evidence for glacial erosion (Figures 4.4, 4.5 and 4.6). In situ frost 
weathered bedrock outcrops are identifiable on and around the summits of Tomies, 
Tomies South, Purple and Shey and the terrain is covered in a thick (lm>) mantle of 
frost weathered detritus and periglacial blockslope deposits. These deposits have a 
patchy thin veneer of peat and are composed of angular platy clasts with few or no 
interstitial fines (Figures 4.7, 4.8, 4.10, 4.11, 4.12). This weathering limit can be traced 
northwards and eastwards and descends in altitude in both directions. In a northerly 
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direction the limit is partially obscured by downslope movements of frost weathered 
detritus on the steep western slopes of Purple Mountain, where it merges with a large 
morainic ridge at c.450m (V887865 - Figure 4.9). The limit can be traced further north 
from here to the top of the cliffs at c.450m OD on the western face of Tomies Rock. 
Here the upslope transition between ice moulded bedrock and frost weathered terrain is 
again sharp and can be identified to within 20m. 
Due to an absence of features of glacial erosion, this weathering limit is not as clearly 
defined on the northern or northwestern slopes of Tomies and Gortadirra. The lower 
slopes are drift mantled, evident from stream cut exposures, and a series of lateral 
moraine deposits can be traced west to east across the northern slopes of Tomies and 
Gortadirra. The upper-most of these occurs at c. 300m. Lower limits of frost-weathered 
detritus are vague and discontinuous here as a result of peat and vegetation cover. This 
limit has, however, been mapped as continuous by interpolating from locations of the 
lowest recorded deposits of frost weathered detritus. Further east from here is the 
topographic hollow Coomclochan that has been interpreted by Warren (1978) as a 
cirque basin where ice scoured bedrock on the back wall reaches a maximum altitude of 
c. 500m OD. 
If traced eastward with descending altitude around Purple, Tomies and Shey from the 
southwest shoulder of Purple Mountain, the limit is also partially obscured by 
downslope movements of frost-weathered mountainside rock detritus. However, a clear 
upper limit of ice-moulded bedrock is identifiable at c. 550m OD on Doogary, the spur 
that trends north to Shey Mor (Figure 4.13). Above this limit bedrock is clearly frost-
weathered and shows no evidence of having been subject to processes of glacial 
abrasion. There is little evidence of a weathering limit on the far eastern slopes of Shey 
Mountain. The lower limits of frost-weathered detritus are difficult to distinguish due to 
a thin cover of peat and heather and there is a complete absence of features of glacial 
erosion. Excavating through peat deposits, however, revealed an approximate lower 




Figure 4.4 Limit between frost-weathered and 
ice scoured terrain on the SW shoulder of 
Purple Mountain. 
Figure 4.6 A view from above the trans1t1on 
between frost-weathered and ice scoured terrain 
on the SW shoulder of Purple Mountain . 
Figure 4.8 Frost-weathered rock detritus on the 
upper southern slopes of Purple Mountain at c. 
780m0D. 
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Figure 4.5 Weathering limit at c.580m OD on the 
SW shoulder of Purple Mountain (note ice 
scoured bedrock in foreground and frost 
weathered detritus mantling slopes above). 
Figure 4.7 Fro I-weathered bedrock outcrops at 
c.700m OD on the upper southern slopes of 
Purple Mountain. 
Figure 4.9 Moraine on eastern side of the Gap of 
Dunloe. The approximate upper limit of the 
moraine is marked by the upper limit of the 
incised channels. 
0 
Figure 4. l 0 Frost weathered rock detntus and 
outcrops of frost-weathered bedrock on the 
summit ofTomies Mountain. 
Figure 4.12 Fro t weathered rock d 
summit ofTomies south and Shey. 
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Figure 4.11 Frost weathered rock detritus and 
outcrops of frost-weathered bedrock on the 
ummit of Shey Mountain. 
Figure 4.13 Upper limit of ice scoured terrain at c. 
550m OD on Doogary spw·. 
4.3 Map area 2 - The eastern side of the Macgillycuddy's Reeks 
The distribution of, and the limits between, glacial and periglacial landform 
assemblages for map area 2 are shown in figure 4.14. 
There are significant differences in the geomorphology of the northern slopes of the 
eastern side of the Macgi llycuddy's Reeks in comparison with the southern slopes. 
Features of glacial deposition dominate the terrain to the north of the eastern ridge of 
the Macgillycuddys Reeks . Glacial drift is widespread below 350m OD and large 
lateral moraines have been deposited on the eastern side of the Gaddagh valley (the 
Hags Teeth moraine) and the western side of Alohart coll. On the northern slopes, 
features of glacial erosion are confined to cirque basins and cols. The terrain directly to 
the south of the eastern ridge of the Macgillycuddys Reeks is, however, dominated by 
features of glacial erosion. 
The Black Valley and Cummeenduff Glen exhibit widespread evidence of glacial 
erosion on the valley floors and sidewalls in the form of ice-moulded bedrock and 
zones of areal scour. The area is largely devoid of drift deposits, except for the thick 
(> 1 Om) sequences that occur in the topographic hollow of Derrycarna valley and less 
extensive deposits on the floors and mouths of the Cirque basins occupied by Loughs 
Googh and Calee. There is a clear vertical limit on the southern slopes of the eastern 
ridge of the Macgillycuddy' s Reeks, at approximately 600-700m OD, between features 
of glacial erosion and features indicative of prolonged periglacial weathering. This 
limit is continuous across the southern slopes of the Reeks and is most clearly defined 
on the four spurs orientated northwest to the central ridge of the Macgillycuddy' s 
Reeks. These are termed Drishana (Figure 4.15), Derrycarna (Figure 4.16 and 4.18), 
Feabrahy (Figure 4.16), and Brassel (Figure 4.17). 
On the southern slopes of the spur orientated northwest from Drishana to the summit of 
Cnoc na dTarbh, and at around the 600m contour, a limit between ice moulded and 
frost weathered terrain is clearly recognisable. Below this limit outcrops of glacially 
moulded bedrock that show little or no signs of frost weathering are continuous to the 
floor of the Black Valley and occasional erratic blocks occur (Figure 4.19). Above the 
limit, frost weathered detritus mantles the summit slopes of Cnoc na dTarbh and there 
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is a lack of evidence for glacial erosion. On the summit of Cnoc na dTarbh, in situ 
bedrock is frost shattered. In addition, there are several large (> Im) block deposits. 
These features have less frequent and less deep dilation joints than the surrounding in 
situ bedrock and have no upslope source (Figure 4.20). 
The lower limit of the frost ,Yeathered detritus on Cnoc na dTarbh can be traced, from 
c.600m OD on the southern slopes, northeastwards and northwestwards with 
descending altitude around the summit. Traced northwestwards, the limit between frost 
weathered and glaciated terrain is further marked by outcrops of ice-scoured bedrock 
on the northwest side of the col to the west of the summit. Much of the terrain lying 
north of Cnoc na dTarbh is covered in a veneer of peat and hence limits are vague. 
Drift deposits are, however, occasionally identifiable at the base of small, 
discontinuous sections of peat cliff. Further to the north, frost weathered in situ 
bedrock and frost weathered rock detritus occurs on the summit of Struicin Mountain 
(440m). Here, lower limits are poorly defined due to peat and vegetation cover; 
although no frost weathered detritus was identified below the 400m contour. 
The summit of Cnoc an Bhraca (73 lm) is also mantled in frost shattered rock debris 
and outcrops of frost-weathered bedrock (Figure 4.21). On the eastern slopes of Cnoc 
an Bhraca, a lower limit for in situ frost weathered bedrock is identified at 650m OD 
and an upper limit for glacially smoothed bedrock at 610m OD. The lower limit of 
frost-weathered detritus can be traced with decreasing altitude in northeasterly and 
northwesterly directions around the summit. This limit has a minimum altitude of 
c.600m OD on the southern slopes and decreases in elevation to below 500m OD on 
the northern slopes. On the western side of Cnoc an Bhraca, outcrops of ice-scoured 
bedrock occur on the floor of the col termed Alohart (V861852) and to the northwest 
and north east, the terrain is severely ice-scoured. This ice-scoured bedrock has an 
upper-limit of c.640m OD on the western side of the col and is extensive in a northerly 
direction as far as the two small un-named lakes. On the northeast and northwest sides 
of Alohart there are a pair of lateral moraines. The most pronounced of these is on the 
northwestern side, which rises to an altitude of c.450-500m OD and exceeds 50m in 
height. To the west of Alohart, above the 700m contour, the ridge to Big Gun (939m.) 
is composed of jagged, frost shattered bedrock and has a mantle of frost weathered 
detritus (Figure 4.22). The lower limit of this frost-weathered detritus can be traced 
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south westwards, at an altitude of c.670m OD across the southern face of the summit at 
78 lm OD, Cruach Mhor, and Big Gun. 
On Derrycarna, the broad, rocky spur that trends northwest from the Black Valley to 
the summit of Big Gun, the upslope transition between ice-moulded bedrock and in 
situ frost-weathered rock outcrops is sharp and can be confined within 40m. On the 
eastern side Derrycarna spur steep cliffs occur and bedrock is severely ice scoured to 
an altitude of c.640m OD (Figure 4.18). Above 680m OD however, bedrock is frost 
shattered and shows no signs of glacial modification. This limit can be traced 
westwards across the backwall of the cirque basin occupied by Lough Googh, although 
downslope mass movement deposits on the eastern side of the backwall diffuse this 
limit. The ridge between Big Gun and Cnoc an Peiste (988m OD) is composed of in 
situ frost-shattered bedrock and angular rock detritus that is extensive downslope on 
the southern side of the ridge to a minimum altitude of c.730m OD. 
On Feabrahy, evidence for a pronounced weathering limit between frost shattered and 
ice-moulded terrain is shown by a break of slope at c. 600m OD (Figure 4.16). Ice 
scoured bedrock is continuous from the floor of the Curnmeenduff Glen to a maximum 
of c.600m OD and above this, a lower limits of in situ frost weathered bedrock occurs 
at 670m and frost weathered detritus at c.650m OD. Traced west from here, the limit 
becomes less clear on the eastern side of the backwall of the cirque basin occupied by 
Lough Calee largely as a result of peat cover. A lower limit of frost weathered detritus 
can however be identified at c.680m OD. 
Due west of Lough Calee, on the eastern side and on the crest of spur that trends 
northwest from Brassel Mountain to the central Ridge of the Reeks, ice-scoured 
bedrock dominates the terrain to an altitude of c.680m OD (Figure 4.23). Above this 
limit bedrock is far more frequently jointed and frost-weathered with no evidence for 
the former presence of glacial ice (Figure 4.24). The transition from ice-scoured to 
frost weathered bedrock here is very sharp and occurs within 30m. The crest and 
upper-most slopes of the ridge lying between the summits of Cnoc an Peiste (988m 
OD) and Cnoc an Chuillinn (958m OD), is mantled in frost weathered rock detritus and 
peat patchy peat cover with few in situ frost weathered rock outcrops. The Lower 
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limits of this detritus can be traced westwards on the southern slopes of the ridge at 
c.700mOD. 
Figure 4.14 Map area 2 showing the geomorphology of the eastern side of the Macgillycuddy's Reeks. 
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Figure 4.15 Drishana spur. The dashed line 
indicates the approximate upper limit of ice 
scoured terrain. 
Figure 4.17. Brassel spur and the cirque basin 
occupied by Lough Calee. 
Figure 4.19 Large erratic block on the 
southwestern slopes Drishana at c. 490m OD. 
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Figure 4.16 Derrycarna (foreground) and 
Feabrahy (background). 
Figure 4.18 Severely ice scoured bedrock at c. 
500m OD on Derrycarna spur. 
Figure 4.20 Frost weathered rock detritus, 
bedrock outcrops, and large conspicuous block 
deposits on the summit ofCnoc na dTarbh. 
:-
Figure 4.21 Frost weathered rock detritus on the 
summit ofCnoc an Bhraca. 
Figure 4.23 Tran ition between ice-moulded and 
frost weathered bedrock on Brassel spur at c. 
680mOD. 
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Figw·e 4.22 Outcrop of fro t-weathered bedrock 
on the ridge between Alohart col and Big Gun at 
c. 900mOD. 
4.4 Map area 3 - The western side of the Macgillycuddy's Reeks 
The distribution of, and the limits between, glacial and periglacial landform 
assemblages for map area 3 are shown in figure 4.25 . 
The geomorphology on the northwestern slopes of the Macgillycuddy's Reeks varies 
considerably from the geomorphology on those slopes of the south and western sides. 
The northern slopes are characterised by drift deposits below 250m OD and deposits of 
angular frost weathered detritus above. The lower southern and western slopes, 
however, are ice scoured at low levels and a weathering limit between glaciated and 
frost-weathered bedrock is continuous across the south and western slopes and 
decreases in altitude in a northerly direction. 
The crest of the ridge from the summit of Cnoc an Chuillinn (958m OD) to the foot of 
the south eastern slopes of Carrauntoohil, is rounded and mantled in frost weathered 
mountain top deposits that show no signs of glacial modification. These deposits 
consist of angular, platy clasts in a matrix of silt and sand and are capped with a thin 
and patchy veneer of peat. On the north side of the ridge is the Gaddagh valley. The 
Gaddagh Valley is a glacial basin that has four tributary cirque basins, 
Cummeenalassa, Coomgouragh, Cummeenmore and Coornnoughter, carved into the 
southern and eastern backwalls. A limit between ice moulded and frost shattered forms 
occurs on the valley sides and backwalls of the Gaddagh valley. This weathering limit 
has a maximum altitude of c. 850 m OD on the backwall of Coornnoughter. From here, 
the limit between in situ frost weathered forms and ice moulded bedrock can be traced 
north with descending altitude across the north west side of the Gaddagh Valley. On 
the spur that trends northwest to Knockbrinnea, a sharp vertical transition between ice-
moulded and frost weathered bedrock occurs between 470-500m (Figure 4.30). This 
limit can be traced further north to the spur on the far northwest mouth of the Gaddagh 
valley (821860) where the limit occurs at between 450 and 470m OD. This limit can 
also be traced east, from Coomnoughter, across the eastern slopes of Carrauntoohil, 
northern slopes of Cnoc na Toinne, and northern slopes of Cnoc an Chuillinn at an 
altitude of approximately 700m OD. On the eastern side of Cummeenmore Cirque, this 
limit decreases in altitude in a northerly direction and merges at c.530m OD with the 
Hags Teeth moraine (V827842). This feature is a large lateral moraine that is over 
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300m wide and extends down valley, on the eastern side of the Gaddagh valley for 
2.25km to a minimum altitude of 250m.OD. 
On the southern slopes of the ridge between Cnoc an Chuillinn and Carrauntoohil, 
limits between frost weathered and ice scoured terrain are masked by peat cover and 
are obscured by downslope mass movement deposits. However, on the northern and 
western sides of the backwall of the cirque basin, occupied by Curraghmore Lake, an 
upper limit of ice moulded bedrock and lower limit of frost-weathered forms can be 
identified at approximately 650m OD and 700m OD respectively. 
On the western side of the massif, the clearest evidence of a high-level weathering 
limit occurs on the shoulder running WSW from Curraghmore summit. Glacially 
smoothed and striated bedrock is identifiable to an altitude of 680m OD where the 
geomorphology then changes, over a few tens of metres, to a mantle of periglacial 
detritus and frost shattered in situ bedrock outcrops (Figures 4.26 and 4.27). The 
lowest recorded outcrop of frost shattered in situ bedrock is at c. 720m and from here to 
the summit the geomorphology is that of a continuous, thin, mantle of frost-weathered 
detritus with no evidence of glacial modification or reworking. The lower limits of this 
detritus can be followed eastwards around the southeast slopes of Curraghmore and 
southeast slopes of Caher at a consistent altitude of c. 700m, and also northwards, with 
descending altitude across the western slopes of Caher. 
The western and southwestern slopes of Caher and the unnamed summit at 975m OD 
(V790840) are mantled by periglacial blockslope composed of platy and angular clasts. 
Small, frost shattered, bedrock outcrops are frequent, and a tor is recognisable c.75m 
NW of Caher summit. The blockslope is turf banked at its margins and has a 
predominantly hollow matrix extending to in excess of 0.5m deep. This feature is 
continuous downslope to the 590m contours where a transition to glacially moulded 
terrain occurs (Figure 4.28, 4.29 and 4.31). Below this limit, the geomorphology is that 
of formerly glaciated terrain with no evidence of prolonged periglacial activity. The 
lower limits of this feature can be traced northwards with descending altitude across 
the northwest slopes of Caher where it merges with a lateral moraine that emanates 
from the southern side of the mouth of Coomloughra Glen (Figure 4.36). This lateral 
moraine rises over 1 00m above the floor of the glen and is associated with a cirque 
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glacier that occupied the Glen. In Coomloughra Glen, a limit between frost weathered 
and ice scoured bedrock is identifiable to a maximum altitude of c850m on the 
northeast slopes of Caher and southwest slopes of Carrauntoohil. The lower limit of 
frost-weathered detritus is made less clear here as a result of downslope mass 
movements. The limit between frost weathered and ice-scoured forms can, however, be 
traced northwest, with descending altitude, across the southern backwall of the Glen 
where it merges with the lateral moraine on the southern side of the Glen at c.560m 
OD. The lower limit of frost-weathered detritus can also be traced, with descending 
altitude, in a northwesterly direction across the eastern slopes of Carrauntoohil and 
Beenkeragh to the southwest shoulder of Breanlee (Figure 4.32). On the southwest 
slopes of Breanlee a lower limit of in situ frost weathered bedrock and frost weathered 
detritus occurs at c.550m OD. Traced north with decreasing altitude around the 
southwest shoulder of Breanlee, the lower limit of frost weathered detritus merges with 
the broad moraine (V779866 - Figure 4.37). To the west of this moraine, the terrain is 
ice scoured. East of the moraine, however, features and deposits indicative of 
periglacial frost shattering are widespread and there is an absence of features of glacial 
erosion or deposition. The northern slopes of Breanlee and Skregmore are mantled in 
blockslope deposits that are composed of angular blocky clasts in a hollow matrix 
(Figure 4.33 and 4.34). The terrain between Skregmore and Skregbeg has a thick 
mantle of peat (> lm). Exposures of angular clasts embedded in a matrix of fines were 
however identified at the base of peat cliffs. Skregbeg (573m) is mantled on all sides in 
angular frost weathered deposits that have a hollow matrix and a thin cover of peat and 
heather (Figure 4.35). On the northern slopes of Skregbeg, the lower limit of frost-
weathered detritus occurs at c.350m OD and below this limit, drift deposits are 
extensive. This limit can be traced east across the northern foothills of Knockbrinnea at 
an altitude of c. 350-400m to the north west side of the Gaddagh Valley, where a sharp 
vertical transition between ice moulded and frost shattered bedrock occurs on the spur 
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Figure 4.25 Map area 3 showing the geomorphology of the western side of the Macgillycuddy's Reeks. 
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Figure 4.26 Outcrop of ice-moulded bedrock at 
c. 500m OD on the SW shoulder of 
Curraghmore. 
Figure 4.28 Frost weathered detritus on the 
southwest slopes ofCaher (note ice scoured SW 
shoulder ofCurraghmore in background). 
Figure 4.30 Lower limit of outcrops of frost-
weathered bedrock on the western side of the 
Gaddagh Valley at c.470m OD. 
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Figure 4.27 Frost weathered detritus above the 
weathe,ing limit on the SW shoulder of 
Curraghmore 
Figw-e 4.29 Lower limit of frost-weathered rock 
detritus on the southwest slopes of Caher at 
c.580m. 
Figw-e 4.31 Frost weathered detritus at c.620 m 
OD on the northwest slopes ofCaher. 
Figure 4.32 Frost shattered bedrock outcrops at 
c. 950m OD on the ridge between Beenkeragh 
and Call'auntoohil. 
Figure 4.34 Outcrops of frost-weathered 
bedrock and frost-weathered rock detritus on the 
summit of Skregmore. 
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Figure 4.33 Periglacial blockslope deposits on 
the western slopes ofBreanlee. 
Figure 4.35 Deposits of frost weathered rock 
detritus on Skregbeg (background) and 
Skregmore (foreground). 
Figure 4.36 Lateral moraine emanating from the southern side of the mouth of the Coomloughra Glen. 
Figure 4.37 Lateral moraine 1idge that is orientated south - north across the lower northwest slopes of 
Macgillycuddy's Reeks (\/779866 c. 350m.OD). The dashed line indicates the approximate moraine 
crest. 
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4.5 Map area 4 - Broaghnabinnia, Stumpa Duloigh Knockaunanattin and the 
Knocknabreeda ridge. 
The distribution of, and limits between, glacial and periglacial landform assemblages 
for map area 4 are shown in fi gure 4.38. 
Features of glacial erosion dominate the geomorphology of the mountains that lie 
directly to the south of the Macgillycuddy' s Reeks (Figure 4.38). Zones of areal scour 
occur on the north, east and western slopes of the ridge running from Knocklomena to 
Knockaunanattin and the valleys of the River Caragh, Owenreagh River and Kealduff 
river are ice scoured with accumulations of peat infilling bedrock hollows and basins. 
Drift deposits are sparse and have only been identified on the southern slopes of the 
Knocklomena Ridge and on the floor of the Owenreagh valley. Erratic block deposits 
are more widespread and occur most frequently on south facing slopes. Evidence of 
periglacial frost weathering on the mountains to the south of the Macgillycuddy's 
Reeks is confined to the summits of Broaghnabinnia (745m OD) and Stumpa Duloigh 
(784m OD). 
On the north, south, east, and western slopes of Broaghnabinnia, outcrops of ice-
moulded bedrock are frequent below the 600m contour (Figures 4.39 and 4.41) and the 
cols to the north (Bridia) and southwest (Coumreagh - Figure 4.42) ofthe summit are 
severely ice scoured. On the western slopes, however, there is a sharp transition in the 
geomorphology between c.660-700m OD from ice-scoured bedrock, to bedrock that is 
frost weathered and shows no sign of glacial modification (Figure 4.47). The surnrnit 
of Broaghnabinnia is devoid of bedrock outcrops and is broad with a smooth profile 
and a thin patchy cover of blanket peat. Exposures at the bases of peat cliffs and 
excavations through the peat reveal a mantle of frost-weathered deposits that are 
composed of angular, platy clasts with a predominantly hollow matrix. The lower 
limits of this frost-weathered detritus are, however, difficult to distinguish due to the 
cover of peat although no deposits were evident below 650m OD. 
The ridge orientated southwest from Broaghnabinnia to Stumpa Duloigh, which 
includes the col termed Coumreagh, is severely ice scoured and has cliffs on the 
northern face. On the northeastern shoulder of Stumpa Duloigh, at c.630-660m OD, the 
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geomorphology changes abruptly. Below 630m OD bedrock is ice-moulded and yet 
above this limit there is a complete absence of features of glacial abrasion (Figure 
4.40). The summit has a smooth profile and a thin cover (<0.5m) of blanket peat. 
Excavations beneath the peat cover revealed a mantle of angular blocky frost 
weathered deposits . On the far western slopes of Stumpa Duloigh a limit between 
frost-weathered and ice moulded forms also occurs between c.670-700m OD. Below 
this limit, the crest of the ridge orientated west from Stumpa Duloigh to the 
Ballaghbeama Gap, which includes Knockaunanattin and the unnamed summit (663m), 
is severely ice scoured. The limit between frost weathered and ice moulded forms can 
be traced across the backwall of the cirque basin occupied by Lough Duff at a 
consistent altitude of c.650-700m OD, to the south east shoulder of Stumpa Duloigh. 
Here, a sharp transition between ice scoured bedrock and frost weathered terrain occurs 
between 660-700m OD (Figure 4.48). To the east of this limit the crest and northern 
slopes of Knocknabreeda ridge are severely ice scoured and ice moulded bedrock is 
clearly identifiable on the summit of Knocknabreeda at c.560m (Figures 4.43, 4.44 and 
4.45). The southern slopes of the Knocknabreeda ridge and the floor of the Owenreagh 
valley are, however, drift mantled and ice-moulded forms are less frequent. 
On the summits and surrounding slopes of Knocklomena (641m OD), Boughil (63 lm 
OD), and the peaks that lie between them, outcrops of ice-moulded bedrock are clearly 
identifiable. The eastern slopes of Boughil, and the east and western slopes of 
K.nocklomena are severely ice scoured with well-developed glacial troughs occurring 
to the east of Knocklomena (Lough Fadda - Figure 4.46) and to the east of Boughil 
(Barfinnihy Lough). West of Knocklomena, thick deposits of blanket peat cover the 
floor or the Kealduff Valley. Ice scoured bedrock and drift deposits are, however, 
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Figure 4.39 lee scoured bedrock on the outhem slopes ofBroaghnabinnia and the Coumreagh col. 
Figure 4.40 The transition from ice scoured bedrock to frost weathered terrain on the northeast shoulder 




Figure 4.41 Upper limit of ice-moulded bedrock 
at c. 550m OD on the east shoulder of 
Broaghnabinnia. 
Figure 4.43 Ice scoured bedrock on the 
Knocknabreeda ridge. 
Figure 4.45 lee scoured bedrock outcrops on the 
northern slopes of the Knocknabreeda ridge. 
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Figure 4.42 Ice-moulded bedrock on the floor of 
the Coumreagh col. 
Figure 4.44 outcrops of ice scoured bedrock on 
the summit ofKnocknabreeda at c.560m OD. 
Figure 4.46 The u-shaped glacial trough that 
occurs to the west of Knocklomena (summit on 
right in photo). 
Figure 4.47 The tran ition from ice scoured to 
frost weathered forms at between 660-700m OD 
on the southwest shoulder of Broaghnabinnia. 
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Figure 4.48 The south east shoulder of Stumpa 
Duloigh. The dashed line indicates the 
approximate upper limit of ice-moulded bedrock 
at c.660m OD. 
4.6 Map area 5 - Mangerton and Stoompa 
The distribution of, and limits between, glacial and periglacial landform assemblages 
for map area 5 are shown in figure 4.49. 
Mangerton Mountain (839m OD) and Stoompa (694m OD) lie between the glacial 
trough of Lough Leane to the northwest and the Cappagh Valley and Loch Guitane to 
the east. 
The summit of Mangerton Mountain is broad and has a rounded profile, with a thick 
(l .5m>) cover of blanket peat that masks much of the underlying geomorphology 
(Figure 4.50). The upper slopes on the northwest, west, south, and southeast, of the 
summit have a gentle gradient and a broad and gently sloping ridge is orientated west, 
northwest, from Mangerton to Stoompa. On the upper north-eastern and north-western 
slopes of Mangerton Mountain, steep ice scoured cliffs occur on the back and sidewalls 
of the cirque valley occupied by Lough Erhogh and also on the south and eastern 
backwalls of Devils Punchbowl (Figure 4.58). Between Loch Erhogh and Devils 
Punchbowl, a short and narrow ridge is orientated north from the summit of Mangerton 
to the unnamed summit at 782m OD. 
The geomorphology of the northern and northwestern slopes of Mangerton Mountain 
varies considerably from that of the southern, eastern, and western slopes. The northern 
and northwestern slopes have a cover of peat and heather and are drift mantled, evident 
from stream cut exposures, and a notable absence of features of glacial erosion (Figure 
4.53). On the southern, southeastern, and southwestern slopes, however, features of 
glacial erosion are widespread. 
The high terrain to the west and southwest of Mangerton Mountain is clearly ice 
scoured and outcrops of ice-moulded bedrock occur on the summits of Tore Mountain 
(535m OD), Knockrower (554m OD), Knockbrack (582m OD), and Cromaglan 
Mountain (371m OD). The broad and gently sloping southwest shoulder of Mangerton 
Mountain, termed Dromderalough is severely ice-scoured, made apparent by the 
frequent outcrops of ice-moulded bedrock and the ice-scoured bedrock hollows, now 
occupied by numerous small lakes. The upper limits ice moulded bedrock on 
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Dromderalough occurs at c.670m. Above this limit and upslope to the summit of 
Mangerton, the dominant geomorphology is difficult to distinguish as a result of the 
thick (1.5m>) cover of blanket peat. Exposures at the base of peat cliffs, however, on 
the summit of Mangerton reveal occasional outcrops of frost-weathered bedrock and a 
mantle of platy and angular frost shattered clasts embedded in a rich matrix of fines 
(figure 4.51 ). A small outcrop of frost-shattered bedrock that occurs slightly to the east 
of the stream that drains south from Mangerton summit, provides a lower limit for frost-
weathered bedrock on the southwest slopes of Mangerton at c.710m OD. 
The upper limits of ice scoured terrain can be traced from Dromderalough around 
Mangerton Mountain in both northwesterly and easterly directions. Traced 
northwestwards, the limit decreases in altitude to a maximum of c. 500m OD due west 
of Mangerton summit. Traced east across the southern slopes of Mangerton and 
Stoompa, the upper limits of ice-scoured terrain occur at a consistent altitude· of between 
550-600m OD. The rocky shoulder orientated north to south from Mangerton summit to 
Carrigagreenaun is severely ice scoured to a maximum altitude of 600m OD. In the 
topographic hollow of the Owbaun Valley, to the west of this spur, however, outcrops 
of ice-moulded bedrock are far less frequent and drift deposits are evident in exposures 
cut by the Owbaun river and its tributary streams. 
The far eastern shoulder of Mangerton Mountain is also severely ice scoured to a 
maximum altitude of c. 600m. From here the altitude of upper limit of ice moulded 
bedrock forms is consistent in northerly direction to eastern slopes of Stoompa. To the 
east of this limit, ice scoured bedrock is continuous to the floor of the Cappagh Valley. 
The surface of the broad ridged orientated south from Stoompa to the unnamed summit 
at 646m OD and then southwest to the summit of Mangerton is predominantly peat 
covered making interpretation of the geomorphology difficult. Outcrops of ice-moulded 
bedrock, however, occur on the southeast backwall of Horses Glen and on the surface of 
the ridge both to the northwest and southwest of the unnamed summit at 646m. 
On the summit of Stoompa, occasional outcrops of in situ frost weathered bedrock 
occur and a cover of angular frost weathered clasts embedded in a matrix of fines is 
exposed beneath a patchy veneer of peat. On the eastern slopes of Stoompa, a lower 
85 
limit of in situ frost weathered bedrock occurs at 670m OD and below this there is a 
transition to ice moulded bedrock. The upper limit of ice moulded bedrock occurs at 
61 Om OD and ice scoured bedrock is clearly identifiable in the immediate vicinity of the 
unnamed summit at 605m and Eskduff Mountain (535m OD). The upper limit of ice-
moulded bedrock can be traced across the northern and around the western slopes of 
Stoompa on to the eastern sidewalls of the Glencappul at a consistent altitude of 
c.600m. A large lateral moraine occurs on the eastern the mouth of the Glencappul 
(Figure 4.52), however, this feature is below the upper limits of ice scoured bedrock on 
the northeastern valley sides of Glencappul. 
Outcrops of ice scoured bedrock occur at c. 710m OD on the west side of the surface of 
the narrow ridge orientated due north from Mangerton to the unnamed summit at 782m 
OD (figure 4.56 and 4.57). These mark the upper limits of ice scoured bedrock on the 
backwalls of the Cirque valley presently occupied by Lock Erhogh (Horses Glen) and 
suggests that this ridge was previously breached by glacial ice. 
The unnamed summits at 782m and 705m OD have a far more visible mantle of frost 
weathered detritus than the summit of Mangerton Mountain and small (<lm) outcrops 
of exposed frost-shattered bedrock are relatively frequent, particularly on the northern 
slopes (Figure 4.54 and 4.55). A lower limit for these frost-weathered deposits occurs at 
c.650m OD on the northern and east slopes of the unnamed summits at 782m and 705m 
OD. Below this limit and to the east, the geomorphology changes abruptly to features 
























































Figure 4.50 The broad and peat covered summit 
ofMangerton Mountain. 
Figure 4.52 Lateral moraine emanating from the 
eastern side of Glencappul. Lough Garagarry in 
foreground. 
Figure 4.54 Frost weathered rock detritus and 
bedrock outcrops at c. 680m OD on the northern 
slopes of the unnamed summit at 782m OD. 
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Figur 
exposed beneath a thick cover of blanket peat on 
the summit ofMangerton Mountain. 
Figure 4.53 Broad gently sloping NW slopes of 
Mangerton . Ice scoured summit ofTorc 
Mountain (535m OD) shown in background . 
Figure 4.55 Frost weathered rock detritus at 
c.660m OD on the northeastern slopes of the 
unnamed summit at 782m OD. 
Figure 4.56 lee oured bedrock on the ridge 
orientated due north from Mangerton to the 
unnamed summit at 782m OD. 
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Figure 4.57 A close view of the ice scoured 
bedrock on the ridge orientated due north from 
Mangerton to the unnamed summit at 782m 
OD. 
4.7 Map area 6 - Mullaghanattin and the Pocket 
The distribution of, and limits between, glacial and periglacial landform assemblages 
for map area 6 are shown in figure 4.58. 
Mullaghanattin Mountain (773m OD) forms part of a horseshoe shaped ridge located 
to the southwest of the Macgillycuddy' s Reeks and incorporates in excess of ten small 
peaks above 500m OD. Features of glacial erosion dominate the general 
geomorphology of this area and drift deposits are confined to the topographic hollow 
termed The Pocket and the valley of the River Blackwater. The upper slopes of the 
eastern side of this horseshoe shaped ridge are severely ice scoured. Outcrops of ice-
moulded bedrock occur on the peaks of Cnocan na Muscaioch (594m OD), An Cnoc 
Breac (522m OD), An Cnoc Riabhach (534m OD) and those unnamed peaks that lie 
between them. There is a notable absence of feature associated with periglacial frost 
weathering. 
On the eastern slopes of the unnamed peak at 683m OD (V744774) there is a marked 
change in the geomorphology between 600-650m OD. Below this limit, outcrops of ice 
scoured bedrock occur (Figure 4.59) . Upslope of this limit, however, outcrops of frost-
weathered bedrock occur and a cover of frost-weathered deposits embedded in a matrix 
of fines is exposed beneath a patchy and thin (c.30cm) veneer of peat (Figures 4.60, 
4.61 and 4.62). The limit between frost weathered and ice scoured terrain can be 
traced from here around the unnamed peak at 683m OD and summit of Mullaghanattin 
at between 600-650m, to the col that lies to the southwest of Mullaghanattin summit. 
Outcrops of ice-moulded bedrock occur at c.590m on the surface of this col and the 
terrain directly to the north and beyond Eskabehy Loch is severely ice scoured. On the 
western side of this col, there is an upslope transition between 610 and 650m OD from 
ice-moulded bedrock to frost weathered terrain. On the summit of the unnamed peak at 
692m OD and Beann (752m O.D) occasional outcrops of frost-weathered bedrock 
occur and there is a complete absence of features of glacial erosion (Figure 4.63). 
There is again a patchy and thin (c.30cm) veneer of peat beneath which is exposed a 
cover of frost-weathered angular clasts embedded in a matrix of fines. The limit 
between features associated with frost weathering and glacial erosion can be traced at a 
consistent altitude of between 600-650m OD around the summit of Beann. Outcrops of 
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ice-moulded bedrock are clearly identifiable on the surface of the col that lies to the 
southwest of Beann and also on unnamed peak to the south at 639m OD and on 
Derreennagreer (531m OD) (Figure 6.64). 
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Figure 4.59 Outcrop of ice-moulded bedrock on 
the northwestern slopes of Mullaghanattin at c. 
550111 OD. 
Figure 4.61 Fro t weathered rock detritus 
beneath a cover of peat on the summit of 
Mullaghanattin. 
Figure 4.63 Frost weathered rock 
detritus on the summit slopes of Beann. 
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Figure 4.60 Outcrop of frost weathered 
rock on the southeast side of 
Mullaghanattin summit at c. 750m OD. 
Figure 4.62 mall outcrops of frost-weathered 
bedrock and rock detritus on the ridge running 
east from Mullaghanattin summit at c.760m OD. 
Figure 4.64 An outcrop of ice-moulded bedrock 
at c. 600m OD between Beann and the unnamed 
peak at 639m. 
4.8 Summary of weathering limits. 
The locations and altitudes of upper limits of upper limits of glacial evidence and lower 
limits of frost-weathered terrain are summarised in table 4.1. 
Location Grid Upper limit of Lower limit of frost-
Reference glacial evidence weathered terrain 
Stoompa W01 0822 605 670 
Mangerton V972799 650 710 
Shey V924865 300 (drift) 400 
Doogary V900850 550 580 
Purple Mountain V883845 580 600 
Tomies rock V884876 440 460 
Struicin V866882 - 400 
Cnoc na Dtarbh V862852 580 600 
Cnoc an Bhraca V85285l 640 (Alohart col) 650 
Drishana V862847 600 620 
Derrycarna V844844 640 680 
Feabrahy V841836 600 650 
Brassel V830828 680 700 
Curraghmore V782826 680 720 
Caher V778847 - 590 
Breanlee V780857 - 550 
Skregbeg V779866 364 (moraine) -
Broaghnabinnia V800812 660 700 
Stumpa Duloigh V785793 670 700 
Mui laghanattin V744785 610 650 
Table 4.1 The locations and altitudes of weathering limits identified within the study area. 
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4.9 Drift cover and thickness 
Approximate values for drift cover and thickness are presented for the study area in 
figure 4.65 . Values for drift cover are expressed as a percentage of the total surface area 
of a grid square that is drift covered and are estimates that have been based on field 
observations and interpretation of aerial photographs. Values for drift thickness are 
expressed as average drift depths in meters for a given grid square, and have been based 
primarily on estimation of the depth of drift deposits at stream cut exposures. 
The map shows a general trend of increasing drift cover and drift depth from south to 
north. The map demonstrates that where values for drift cover are high, the drift 
deposits are generally thick, and conversely, where values for drift cover are low, drift 
deposits are generally thinner. Drift cover is greatest and is thickest to the north of the 
Macgillycuddys Reeks, in the Gaddagh valley and in the valley of the River Blackwater, 
due south of Mullaghanattin and on the northern slopes of Mangerton. Drift cover is 
sparsest and is thinnest on the southern slopes of and to the south of Purple Mountain, 
and on the terrain due south of and on southern slopes of the Macgillycuddy's Reeks. 
Drift is also thin and cover is sparse on southern and western slopes of Mangerton, 














... - t- ' c-..... f-_.,-., . / - ,,.. ........ J. ... .. - + .... -- •· ~ 
~,.,-, 
·--
71 ) \ - - ' • - (_/ '--/ """"'"'"• .:.,,,-,:;; . ·~ --/ 
v1·L ]3 { ll j 75~r:;~\ n 1a 7,9 _ fil! _ a1 a2 03 0-r ~ 05 86 01 00 09 ~-!10-~~:z', 93 94 95 96 ~ :,9a. woo7 ~1 02 03 
Figure 4.65 Map showing approximate values for percentage drift cover and drift depth. 
Chapter 5.0 Rock and soil weathering characteristics of selected spurs 
Results are presented here from the testing of rock and soil weathering characteristics 
above and below a weathering limit on a total number of 7 mountain shoulders and 
spurs. For each shoulder or spur, a geomorphological map is presented showing the 
altitude of the weathering limit and also the location of rock and soil weathering test 
sites. Any significant differences between above and below weathering limit data sets 
and also any altitudinal trends within above and below sub-samples are then 
highlighted. For Mann-Whitney tests for significance the probabilities quoted are one 
tailed ( directional) unless otherwise stated. 
5.1 Spur 1 Southwest shoulder of Purple Mountain 
Limits between frost-weathered and ice scoured terrain and the locations of soil sample 
and rock weathering sites for the southwest shoulder of Purple Mountain are shown in 
figure 5 .1 . The map shows a clear limit between frost-weathered and ice scoured terrain 
between 580-600m OD. Rock weathering data were collected from a total number of 13 
locations, 5 above the weathering limit and 8 below, and soils were sampled from a total 
number of 8 locations (4 above and 4 below). 
5.1.1 Spur 1 rock weathering assessment 
A marked difference can clearly be seen in mean Schmidt hammer R-values of data 
collected from sites below and above the weathering limit on the southwest shoulder of 
Purple Mountain (Tables 5.1 , 5.2 and Figure 5.2). The data demonstrate that the mean 
R-value recorded from above the limit (20.18) is considerably lower than the mean of 
those collected from below (28.54). Mann-Whitney testing of this R-value data 
generated a value for U of 3 and this difference between above and below data sets is 
significant at P = 0.005. 
Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5.2. The data show a general trend of decreasing R-values with 
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increasing altitude, which is reflected in a product moment correlation coefficient of r = 
-0.58 (where r is significant at P = 0.05 for values exceeding 0.55 +/-). For data 
categorised into above and below the weathering limit, however, product moment 
correlation coefficient calculations generated values of r = - 0.81 and r = 0.53 , 
respectively. Since these values do not exceed the critical values for rat P =0.05 (0.88 
+/- and 0.71 +/-, respectively) they demonstrate with a 95% level of confidence that no 
significant trend of decreasing R-values with increasing altitude occurs within either 
above or below sub-samples. 
There are marked differences in the depths of dilation joints above and below the 
weathering limit on the southwest shoulder of Purple Mountain (Tables 5.1, 5.2 and 
Figure 5.3. These results show that mean depths of horizontal, vertical, and combined 
(horizontal and vertical) dilation joints are considerably greater above the limits (20.44, 
23.29 and 21.87cm respectively) in comparison with below (6.25 9.97 and 6.61cm). 
Mann-Whitney testing of horizontal, vertical combined joint depth data generated a 
values for U of 2, 0 and 0 respectively and show a significant difference between the 
above and below data sets at P = 0.0015, and P = 0.0005. 
The mean combined (horizontal and vertical) dilation joint depths of sites above and 
below the weathering limit on the southwest shoulder of Purple Mountain are plotted 
against the altitude at which they were measured in figure 5 .3. The data show a general 
trend of increasing joint depths with altitude. This trend is reflected in product moment 
correlation coefficients (r) of0.73 for horizontal joints, 0.67 for vertical joints, and 0.72 
for combined joints (where values for r that exceed 0.55 +/- are significant at P = 0.05). 
For data categorised into above and below the weathering limit, however, calculations 
for horizontal vertical and combined joints generated values for r of 0.49, -0.28, 0.18 
and 0.32, 0.02, 0.2 respectively. Since these values do not exceed the critical values for 
r at P =0.05 (+/-0.88 and +/- 0.71 , respectively) they demonstrate that no significant 
trend of increasing joint depth with altitude occurs within either above or below sub-
samples. 
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Results from joint frequency analysis (Tables 5.1 and 5.2) also show significant 
difference between mean values from above and below limits . Rock outcrops above the 
limits (mean frequency index of 3.40) yielded evidence of more frequent jointing when 
compared with results from below (mean frequency index of 2.25). Mann-Whitney 
testing generated a value for U of 3 and shows that this difference is significant at P = 
0.005. To test for a relationship between joint frequency and altitude, product moment 
correlation coefficients have been calculated. For combined above and below data, 
calculations generated a value for r of 0. 71 , which exceeds the critical value for r (0.55 
at P = 0.05) and therefore suggests a positive relationship between joint frequency and 
altitude. For data categorised into above and below the weathering limit, however, 
calculations generated values of r = 0.37 and 0.36, respectively. Since these values are 
below the critical values for r at P =0.05 (+/-0.88 and +/- 0.71, respectively) they 
demonstrate that no significant trend of increasing joint frequency with increasing 
altitude occurs within either above or below sub-samples. 
5.1.2 Spur 1 soil weathering assessment 
Table 5.3 shows the assemblages of clay-sized minerals identified from x-ray diffraction 
analysis of soil samples collected from the southwest shoulder of Purple Mountain. 
Peaks indicative of quartz, feldspars, and illite / mica occur in all eight samples. Of the 
samples collected from below the weathering limit (S 1-S4 ), all four yielded peaks 
indicative of chlorite / vermiculite / chlorite + vermiculite / smectite whilst only two 
samples yielded peaks indicating kaolinite. No other clay-sized minerals were positively 
identified in samples collected from below limits. 
In samples from above weathering limits (S5-S8), however, peaks indicative of chlorite 
/ vermiculite / chlorite + vermiculite / smectite and peaks indicative of kaolinite occur in 
three of the four samples and two of the samples (S6 and S7) yielded peaks indicative of 
lepidocrocite, gibbsite, and hematite. 
These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Samples 
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from above weathering limits contain more varied assemblages of clay-sized minerals 
than those sampled from below. 
Summary magnetic data for samples collected from the southwest shoulder of Purple 
Mountain are shown in Table 5.4. Absolute values for mass specific low field magnetic 
susceptibility (XJr) are low (<0.25 10-6m3kg- 1) making them prone to large errors and 
thus unsuitable for dual frequency analysis (Dearing, 1999). This is the case for all soils 
sampled. The median values for soft IRM (IRM2omT / SIRM) and hard IRM (SIRM-
IRM3oomT I SIRM) are higher in samples from below limits. For all other parameters 
median values are higher for samples from above limits compared with samples from 
below. Mann Whitney tests, however, show that of the six parameters tested, only data 
for the ratio of saturation isothermal remanent magnetisation to anhysteretic remanent 
magnetisation (SIRM/xarm) shows a significant difference between above and below 
data sets at the 0_05 level of confidence. 
Calculation of product moment correlation coefficients for the ratio of saturation 
isothermal remanent magnetisation to anhysteretic remanent magnetisation for data 
categorised into above and below the weathering limit generated values of r = 0.192 and 
r = -0.779. Both are below the critical values for r at P = 0.005 and therefore 
demonstrate with a 95% level of confidence that no significant altitudinal trend occurs 
within either above or below sub-samples. 
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Figure 5.1 Geomorphology of spur I and the locations of sampling sites. 
• SW Purple rock weathering test locations 
Grid reference Alt(m) Mean Mean horizontal Mean vertical Mean combined joint frequency R•value joint depths (an) joint depths (cm) joint depths (cm) index 
R1 V87208380 245 23.48 3.80 6.00 4.90 2 
R2 V87768399 447 31.28 2.20 2.87 2.53 2 
R3 V87758387 460 26.48 7.07 15 47 11 27 
R4 V87968416 516 33.44 4 67 5 13 4.90 1 
RS V87978433 548 2614 3.27 3.00 3.13 2 
R6 V87968434 550 30.36 6.73 7.00 6.87 3 
R7 V87998452 565 27.91 2 80 3.33 3.07 
R8 V88308440 570 29.08 19.47 12.93 16.20 3 
R9 V88358475 655 26.51 9.93 21.53 16.13 3 
R10 V88338485 700 18.56 15.27 19.67 17.47 4 
R11 V88358490 720 20.08 30.80 32.33 31.57 3 
R12 V88608500 770 20,6 26.60 26.13 26.37 3 
R13 V88458515 812 15.11 9.60 15.80 17.70 
Table 5.1 Rock weathering test locations and results from rock weathering assessment for spur I. 
100 
Spur 1 - SW Purple Mountain: Rock weathering assesment 
Altitude of weathering limit= 580 -600m OD Total Above limits Below limits 
Number of test location = 13 5 8 
Number of Schmidt hammer hits = 325 125 200 
Mean Schmidt hanrner R-value = 25.32 20.18 28.54 
Standard Deviation from mean R-value = 5.43 4.14 3.18 
Mann-Whitney U-Value 3 
Pearson's Correlation Coefficient -0.81 0.53 
Number of joints measured = 390 150 240 
Mean depth of joint= 12.48 21.87 6.61 
SD from mean joint depth = 9.40 6.76 4.79 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.18 0.20 
Mean horizontal joint depth = 11.71 20.44 6.25 
SD from mean horizontal joint depth = 9.68 8.41 5.62 
Mann-Whitney U-Value 2 
Pearson's Correlation Coefficient 0.49 0.32 
Mean vertical joint depth = 13.25 23.29 6.97 
SD from mean vertial joint depth = 9.74 6.32 4.75 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient --0.28 0.02 
Mean Joint frequency index = 2.58 3.40 2.25 
SD from mean frequency index = 0.85 0.55 0.71 
Table 5.2 Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur I . 
a SW Purple soil smple locations and soil sample mineral content 
Grid reference Alt(m) 
Depth 1/M Q F CNI K L G Go H 
(cm) C+V/S 
S1 V88078370 374 82 X X X X 
S2 V87598390 385 72 X X X X X 
S3 V87988452 565 102 X X X X 
S4 V88158461 570 72 X X X X X 
S5 V88178489 650 67 X X X X X 
S6 1/88288495 681 52 X X X X X X X 
S7 V88498508 787 63 X X X X X X X X 
S8 1/88418517 797 94 X X X X 
Key: 1/M = illite / mica; Q = quartz; F = feldspars; CNIC+V/S = chlorite I vermiculite /chlorite +vermiculite / smectite; 
K = kaolinite; L = lepidocrocite; G = gibbsite; Go= goethite; H = hematite 
Table 5.3 Soil sample locations and clay-sized mineral content of soils sampled from spur l (x indicates 
that the listed mineral is present). 
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Spur 1 • SW Purple Mountain Above (n = 4) Below (n = 4) 
;i:lf (10-6 mJ kg-1) Median 0.113 0.068 
standard deviation 0042 0.081 
Pearsons corretauon coelfic1ent -0.641 -0 545 
Mann \/Vh1tney U-Value = 4 
x rm (1~ m3 kg·1) Median 0 809 0 606 
Standard deviation 0 510 6 119 
Pearsons correlation coeffic1ent 0 603 -0 568 
Mann \/Vh1tney U-Va lue = 6 
SIRM880mT (mAm2 kg·1) Median 4.078 1.178 
Standard deVtabon 2374 7.020 
Pearsons correlation coetric1ent -0.203 -0.628 
Mann \/Vhitney U-Value = 5 
SIRM IX arm (kAm·1) Median 3 540 1.073 
Standard deVtat1on 2130 0.515 
Pearsons correlabon coefficient 0 192 -0 .779 
Mann \/Vhitney U-Value = 1 
IRM20mT / SIRM (mAm2 kg·1) Median 0 107 0.110 
Standard deVtation 0.060 0080 
Pearsons correlation coetric1ent 0 047 -0178 
Mann \/Vh1tney U-Value = 7 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0180 0.226 
Standard deviation 0 118 0.11 7 
Pearsons correlation coeffiaent 0 228 0.337 
Mann \/Vhitney U-Value = 8 
Table 5.4 Summarised results from the assessment of mineral magnetic properties of soils sampled from 
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Figure 5.3 Mean combined (horizontal and vertical) joint depths plotted against altitude for spur I . 
5.2 Spur 2 Drishana 
Limits between frost-weathered and ice scoured terrain and the locations of soil sample 
and rock weathering sites on Drishana spur are shown in figure 5.4. The map shows a 
clear limit between frost-weathered and ice scoured terrain at between 600-620m OD. 
Rock weathering data were collected from a total number of 12 locations ( 4 above the 
weathering limit and 8 below) and soils were sampled from a total number of 5 
locations (2 above and 3 below). 
5.2.1 Spur 2 rock weathering assessment 
Mean Schmidt hammer R-values collected from sites below and above the weathering 
limit on Drishana spur are shown in tables 5.5, 5.6, and figure 5.5. The data demonstrate 
that the mean R-value recorded from above the limit (17.71) is considerably lower than 
the mean of those collected from below (27.29). Mann- Whitney testing of R-value data 
generated a value for U of 3, which demonstrates that the difference between above and 
below data sets is significant at P = 0.007. 
103 
Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5.5. The data show a general trend of decreasing R-values with 
increasing altitude, which is reflected in a product moment correlation coefficient of r = 
-0.68 (where r is significant at P = 0.05 for values exceeding 0.58 +/-). ). For data 
categorised into above and below the weathering limit, howe\'er, calculations generated 
values of r = 0.58 and r = -0.46, respectively. Since these values are below the critical 
values for rat P =0.05 (+/-0.95 and +/- 0.71 , respectively) they demonstrate with a 95% 
level of confidence that no significant trend of decreasing R-values with increasing 
altitude occurs within either above or below sub-samples. 
There are differences in the depths of dilation joints above and below the weathering 
limit on Drishana spur (Tables 5.5 and 5.6 and Figure 5.6). These results show that 
mean depths of horizontal, vertical, and combined (horizontal and vertical) dilation 
joints are greater above the limits (1 3.4, 11.78 and 12.59cm respectively) in comparison 
with below (3.88 8.27 and 5.99cm). Mann-Whitney testing of horizontal, vertical 
combined joint depth data generated values for U of 4, 10, and 3 respectively. The value 
for vertical joint depths shows a significant difference between the above and below 
data sets at P = 0.0425 and the horizontal and combined joint depths show a significant 
difference between the above and below data sets at P = 0.012 and P = 0.007, 
respectively. 
The mean combined dilation joint depths of sites above and below the weathering limit 
on Drishana spur are plotted against the altitude at which they were measured in figure 
5.6. Calculation of product moment correlation coefficients generated values for r of 
0.56 for horizontal joints, 0.21 for vertical joints and 0.52. Since these values are below 
the critical value for rat P = 0.05 (0.58 +/-), they therefore suggest that no relationship 
occurs between joint depth and altitude. For data categorised into above and below the 
weathering limit, calculations generated values for r of --0.38 0.39 -0.24 and -0.13, -
0.02, -0.05 , respectively. Since these values are below the critical values for r at P 
=0.05 (+/-0.95 and +/- 0.71 for above and below, respectively) they also demonstrate 
that no significant relationship occurs between joint depth and altitude for either above 
or below sub-samples. 
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Results from joint frequency analysis (Tables 5.5 and 5.6) show significant difference 
between mean values from above and below limits. Rock outcrops above the limits 
(mean frequency index of 3.50) yielded evidence of more frequent jointing when 
compared with results from below (mean frequency index of 1.89). Mann-Whitney 
testing generated a value for U of O and showed that this difference was significant at P 
= 0.001. 
To test for a relationship between joint frequency and altitude, product moment 
correlation coefficients have been calculated. For combined above and below data, 
calculations generated a value for r of 0.61 , which exceeds the critical value for r (0.58 
at P = 0.05) and therefore suggests a positive relationship between joint frequency and 
altitude. However, calculations for above and below data generated values of r = -0.41 
and -0.18, respectively. Since these values are below the critical values for rat P =0.05 
(+/-0.95 and +/- 0.71 , respectively) they demonstrate that no significant trend of 
increasing joint frequency with increasing altitude occurs within either above or below 
sub-samples. 
5.2.2 Spur 2 soil weathering assessment 
Table 5.7 shows the assemblages of clay-sized minerals identified from x-ray diffraction 
analysis of soils sampled from Drishana spur. Peaks indicative of quartz, feldspars, and 
illite / mica occur in all five samples. Of the samples collected from below the 
weathering limit (S 1-S3), all three yielded peaks indicative of chlorite / vermiculite / 
chlorite + vermiculite / smectite whilst two sample (S 1 and S3) yielded peaks indicating 
kaolinite. No other clay-sized minerals were positively identified in samples collected 
from below limits. 
In samples from above weathering limits (S4 and S5), peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite and peaks indicative of kaolinite occur in 
only one of the samples (S5) while both yielded peaks indicating lepidocrocite. Peaks 
indicative of goethite were also identified in sample S4. 
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These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Soils 
sampled from above the weathering limit on Drishana spur contain more varied 
assemblages of clay-sized minerals than those sampled from below. 
Summary magnetic data for samples collected from Drishana spur are shown in table 
5.8. The median values for soft IRM (IRM20mT / SIRM) are higher for samples from 
below limits. For all other parameters median values are higher for samples from above 
limits compared with samples from below. Mann Whitney tests demonstrated that of the 
six parameters tested, four (XJr. xarm, SIRM88omT and SIRM / xarm) showed a significant 
difference between above and below data sets at the 0.05 level of confidence. Since only 
two soil samples have been collected from above the weathering limit on Drishana spur, 
it is not possible to calculate product moment correlation coefficients for this data set. 
Product moment correlation coefficients were however calculated for samples collected 
from below the weathering limits. These calculations demonstrate, with a 95% level of 
confidence, that of the six magnetic parameters tested, only saturated isothermal 
remanence (SIRM880mT) data show a significant trend of increasing values with 
increasing altitude. 
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Figure 5 .4 Geomorphology of spur 2 and the locations of sampling sites. 
~ Drishana rock weathering test locations 
Grid reference Alt(m) Mean Mean horizontal Mean vertical Mean combined joint frequency R-value joint depths (cm) joint depths (cm) joint depths {cm) index 
R1 V86358343 284 28.88 5.20 3.73 4.47 2 
R2 V86878364 330 24.42 5.07 10.47 7.77 2 
R2 V86758365 390 30.64 4.47 25.00 14.73 2 
R4 V86598388 445 29.64 2.93 2.13 2.53 2 
RS V86508400 445 29.60 2.53 4.73 3.63 2 
R6 V86508380 450 25.34 2.13 4.60 3.37 2 
R7 V86348436 468 28.28 1.73 3.87 2.80 1 
RB V86178474 595 21 .52 6.00 11 .27 8.63 2 
R9 V86138497 611 10.64 17.67 9.47 13.57 4 
R10 V86208509 650 18.92 10.40 9.80 10.10 4 
R11 V86248503 653 11 .16 21.87 8.93 15.40 4 
R12 V86258500 655 26.12 3.67 18.93 11.30 2] 
T able 5 .5 Rock weathering test locations and results from rock weathering assessment for spur 2. 
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Spur 2 - Drishana: Rock weathering assesment 
Altitude of weathering 1ml = 600 - 620m 00 Total Above limits Below limits 
Nunilef of lest locatiOO = 12 4 8 
Number of Schmidt hammer hits = 3(X) 100 200 
Mean Sclmdt h.mner R-value = 23 76 16.71 27 7.9 
Standard Deviation from mean R-value = 6.94 7.33 3.18 
M.m-Whitney U-Value 3 
Pearson's Correlation Coefficient -0.68 0.58 -0.46 
Nulli>er of joilts measured = 360 120 240 
Mean depth of joint = 8.19 12.59 5.99 
SD from mean joint depth = 4.83 2.36 4.20 
Marm-Whitney U-Value 3 
Pearsm's Correlation Coefficient 0.52 -0.24 -0.05 
Mean horizontal joilt depth = 6.97 13.40 3.88 
SD from mean horizontal joint depth = 6.47 8.03 1.61 
Marm-Whitney U-Value 4 
Peaisoo's Correlation Coefficient 0.56 -0.38 -0.13 
Meal vertical joint depth = 9.35 11 .78 8.27 
SO from mean V8l1ici joint depth = 6.74 4.78 7.53 
Mann-Whitney U-Value 10 
Pearse.o's Correlation Coefficient 0.21 0.39 -0.02 
Mean Joillt lreqooncy index = 2.38 3.50 1.89 
SD from mean frequency index = 0.96 0.33 
Table 5.6 Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur 2. 
a Drishana soil sample locations and clay-sized mineral content 
Grid reference Alt(m) 
Depth 1/M Q F CNI K L G Go H 
(cm) C-t-V/S 
S1 V86458427 450 114 X X X X X 
S2 V86458428 463 135 X X X X 
S3 V86178479 576 36 X X X X X 
S4 V86208484 605 62 X X X X X 
S5 V86248523 650 38 X X X X X X X 
Key: 1/M = illite / mica; Q = quartz; F = feldspars; CN/C+V/S = chlorite / vermiculite /chlorite +vermiculite / smectite; 
K == kaolinite; L = lepidocrocite; G = gibbsite; Go = goethite; H = hematite 
Table 5.7 Soil sample locations and clay-sized mineral content of soils sampled from spur 2 (x indicates 
that the listed mineral is present). 
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Spur 2 - Drishana Above (n = 2) Below (n = 3) 
)(If (10-6 ml kg·1) Median 0.125 0072 
Standard deviation 0.042 0.014 
Pearsons correlation coefficient NIA 0.919 
Mann V\lhitney U-Value = 0 
xarm (1o-6 ml kg·1) Median 1 947 0 080 
Standard dev1at1on 0.516 0 015 
Pearsons correlation coefficient NIA 0 902 
Mann V\lhitney U-Value = o 
SIRM880mT (mAm2 kg-1) Median 6.491 0.144 
Standard deviation 1.448 0.021 
Pearsons correlation coefficient NIA 
Mann V\lhitney U-Value = o 
SIRM /)(arm (kAm·1) Median 3.558 1.31 3 
Standard deviation 1.687 0.307 
Pearsons correlation coeffiClent NIA -0.398 
Mann V\lhitney U-Value = o 
IRM20mT / SIRM (mAm2 kg-1) Median 0.067 0.150 
Standard deviation 0.050 0.084 
Pearsons correlation coefficient NIA -0.502 
Mann V\lhitney U-Value = 1 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0.295 0.280 
Standard deviation 0.109 0.997 
Pearsons correlation coefficient NIA 0.471 
Mann V\lh1tney U-Value = 2 
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Figure 5.6 Mean combined (horizontal and vertical) joint depths plotted against altitude for spur 2. 
5.3 Spur 3 Derrycarna 
Limits between frost-weathered and ice scoured terrain and the locations of soil sample 
and rock weathering sites for Derrycama spur are shown in figure 5.7. The map shows a 
clear limit between frost-weathered and ice scoured terrain between 640-680m OD. 
Rock weathering data were collected from a total number of 10 locations (3 above the 
weathering limit and 7 below) and soils were sampled from a total number of 4 
locations (2 above and 2 below). 
5.3.1 Spur 3 rock weathering assessment 
Mean Schmidt hammer R-values collected from sites below and above the weathering 
limit on Derrycarna spur are shown in tables 5.9, 5.10 and figure 5.8. The data 
demonstrate that the mean R-value recorded from above the limit (22.91) is lower than 
the mean of those collected from below (24.57). Mann-Whitney testing of R-value data, 
however, generated a value for U of 10, demonstrating no significant difference 
between above and below Schmidt hammer data sets at a 95% level of confidence. 
Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5 .8. Calculation of product moment correlation coefficient generated 
a value of r = 0.15, suggesting no relationship occurs between Schmidt hammer R-
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values and altitude at a 95% level of confidence. For data categorised into above and 
below the weathering limit, calculations generated values of r = 1 and r = 0.47, 
respectively. These values suggest that below the limit, no relationship occurs between 
Schmidt hammer R-values and altitude but above the limit, there is a significant positive 
relationship between R-values and altitude at P = 0.05 . 
There are marked differences in the depths of dilation joints above and below the 
weathering limit on Derrycarna spur (Tables 5.9, 5.10 and Figure 5.9). These results 
show that mean depths of horizontal, vertical, and combined (horizontal and vertical) 
dilation joints are considerably greater above the limits (21.89, 25.62 and 23.76cm 
respectively) in comparison with below (7.58 11.84 and 9.71cm). Mann-Whitney 
testing of horizontal, vertical combined join~ depth data generated values for U of 1, 0, 
and 0, respectively, all three of which demonstrate a significant difference between the 
above and below data sets at beyond P = 0.01. 
The mean combined dilation joint depths of sites above and below the weathering limit 
on Derrycarna spur are plotted against the altitude at which they were measured in 
figure 5. 9. Calculation of product moment correlation coefficients for horizontal, 
vertical and combined joint depths generated values of r = 0.58, r = 0.45 and r = 0.54. 
All of these values fall below the critical value for rat P = 0.05 (0.63 +/-) and therefore 
suggest that no significant relationship occurs between joint depth data and altitude. For 
data categorised into above and below the weathering limit, calculations of product 
moment correlation coefficients also generated values that fell below the critical values 
for r at P =0.05. These values therefore suggest that no significant relationship occurs 
between joint depths and altitude for either above or below sub-samples. 
Results from joint frequency analysis (Tables 5.9 and 5.10) show significant difference 
between mean values from above and below limits. Rock outcrops above the limits 
(mean frequency index of 3) yielded evidence of more frequent jointing when compared 
with results from below (mean frequency index of 2). Mann-Whitney testing generated 
a value for U of O and showed that this difference was significant at P = 0.004. 
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To test for a relationship between joint frequency and altitude, product moment 
correlation coefficients have been calculated. For combined above and below data, 
calculations generated a value for r of 0.73 , which exceeds the critical value for r (0.63 
at P = 0.05) and therefore suggests a positive relationship between joint frequency and 
altitude. However, calculations for abo\'e and below data generated values of r = 1 and 
0.33 , respectively. Since the value for data from above the limit exceeds the critical 
value for r at P = 0.05 (0.996+/-), the value suggests a positive relationship between 
joint frequency and altitude. As the value for data from below the limit is, however, 
below the critical value for rat P =0.05 (+/-0.95) this demonstrates no significant trend 
of increasing joint frequency with altitude beneath the weathering limit. 
5.3.2 Spur 3 soil weathering assessment 
Table 5.11 shows the assemblages of clay-sized minerals identified from x-ray 
diffraction analysis of soil samples collected from Derrycama spur. Peaks indicative of 
quartz, feldspars, and illite / mica occur in all four samples. Of the samples collected 
from below the weathering limit (S 1 and S2), both yielded peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite whilst only one sample yielded peaks 
indicating kaolinite. No other clay-sized minerals were positively identified in samples 
collected from below limits. 
In samples from above weathering limits (S3 and S4), peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite occur in only one sample whilst peaks 
indicative of kaolinite occur in both. Peaks indicating lepidocrocite were also identified 
in both of the soils sampled from above the limit. 
These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Soils 
sampled from above the weathering limit on Derrycarna spur are more likely to contain 
lepidocrocite than soils sampled from below. 
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Summary magnetic data for samples collected from Derrycarna spur are shown in Table 
5.12. The median values for soft IRM (IRM2omr / SIRM) are higher for samples from 
below limits. For all other parameters median values are higher for samples from above 
limits compared with samples from below. Since only two soil samples have been 
collected from above and only two from below the weathering limit on Derrycama spur, 
it is not possible to calculate either Mann Whitney U values or product moment 
correlation coefficients for this data. 
Figure 5.7 Geomorphology of spur 3 and the locations of sampling sites. 
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• Derrycama rock weathering test locations 
Grid reference Alt{m) Mean Mean horizontal Mean vertical Mean combined joint frequency R-value joint depths (cm} joint depths {cm) joint depths {cm) index 
R1 855083-45 250 18.80 Onsufficient number ol suitable joints for mesuremenl) 2 
R2 85358370 340 26.68 11 .53 15.80 13.67 
R3 85338390 380 21.24 6.93 20.07 13.50 
R4 85108417 470 2752 14 67 16.73 1570 
R5 84758430 540 26 60 6.20 13 27 9.73 
R6 84618404 542 28.96 2 20 2 60 2 40 
R7 85128521 620 2216 3.93 2.60 3.27 
RS 84628515 750 10.92 19.93 24.80 22.37 
R9 84058490 870 26.60 32.20 28.73 30.47 
R10 84108460 900 31.20 13.53 23.33 18.43 
Table 5.9 Rock weathering test locations and results from rock weathering assessment for spur 3. 
Spur 3 -Derrycarna: Rock weathering assesment 
Altitude of weathering limit = 640 - 680m OD Total Above limits Below limits 
Nurroer of test location = 10 3 7 
Nurroer of Schmidt hammer hits = 250 75 175 
Mean Schn'idt hammer R-value = 24.07 22.91 24.57 
Standard Deviation from mean R-value = 5.95 10.63 3.80 
Mann-Whitney U-Value 10 
Pearson's Correlation Coefficient 0.15 1.00 0.47 
Number of joints measured = 300 90 180 
Mean depth of joint = 14.39 23.76 9.71 
SD from mean joint depth = 8.88 6.14 5.67 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.54 0.01 -0.78 
Mean horizontal joint depth = 12.35 21.89 7.58 
SD from mean horizontal joint depth = 9.35 9.49 4.70 
Mann-Whitney U-Value 1 
Pearson's Correlation Coefficient 0.58 -0.01 -0.59 
Mean vertical joint depth = 16.44 25.62 11.84 
SD from mean vertial joint depth = 9.19 2.79 7.48 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.45 0.07 -0.80 
Mean Joilt frequency index = 2.33 3 2 
SD from mean frequency index = 0.71 0 0.63 
Table 5. IO Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur 3. 
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a Derrycarna soi/ sample locaUons and clay-sized mlnera/ content 
Grid reference Alt(m) 
Depth 1/M Q F CNI K L G Go H 
(cm) C+VIS 
S1 V85258367 380 78 X X X X X 
S2 V84618394 542 63 X X X X 
S3 V84338439 756 40 X X X X X 
S4 V83608438 980 38 X X X X X X 
Key: UM= Htite / mica; Q = quartz. F = feldspars; CN/C+V/S = chlolite / venniculile lchlorite + vermiculite I srnectite; 
K = kaofonite; L = lepidocrocite, G = gibbsrte; Go = goethite; H = hematite 
Table 5 .11 Soil sample locations and clay-sized mineral content of soils sampled from spur 3 (x indicates 
that the listed mineral is present). 
Spur 3 - Derrycarna Above (n = 2) Below (n = 2) 
xlf (10-6 m3 kg-1) Median 0.108 0.031 
Standard deviation 0.075 0.001 
Pearsons correlation coefficient NIA N/A 
Mann Vl/hitney U-Value = 0 
xrm (10·6 m3 kg-1) Median 0.736 0.144 
Standard deviation 0.627 0.123 
Pearsons correlation coefficient N/A N/A 
Mann Vl/hitney U-Value = 0 
SIRM88omT (mAm2 kg-1) Median 2.918 0.214 
Standard deviation 3.011 0.207 
Pearsons correlation coefficient 1 N/A 
Mann Vl/hitney U-Value = 0 
SIRM tx arm (kAm·1) Median 2.326 1.221 
Standard deviation 0.950 0.472 
Pearsons correlation coefficient N/A NIA 
Mann Vl/hitney U-Value = 0 
IRM20mT / SIRM (mAm2 kg-1) Median 0.073 0.126 
Standard deviation 0.014 0.103 
Pearsons correlation coefficient N/A N/A 
Mann VVhitney U-Value = 2 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0.342 0.316 
Standard deviation 0.061 0.098 
Pearsons correlation coefficient NIA NIA 
Mann Vl/hitney U-Value = 1 
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Figure 5.8 Mean R-values plo tted against altitude fo r spur 3. 
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Figure 5.9 Mean combined (horizontal and vertical) joint depths plotted against altitude for spur 3. 
S.4 Spur 4 Feabrahy 
Limits between frost-weathered and ice scoured terrain and the locations of soil sample 
and rock weathering sites for Feabrahy spur are shown in figure 5.10. The map shows a 
clear limit between frost-weathered and ice scoured terrain between 600-670m OD. 
Rock weathering data were collected from a total number of 9 locations (5 above the 
weathering limit and 4 below) and soils were sampled from a total number of 7 
locations ( 4 above and 3 below). 
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5.4.1 Spur 4 rock weathering assessment 
A marked difference can clearly be seen in mean Schmidt hammer R-values of data 
collected from sites below and above the weathering limit on Feabrahy spur (Tables 
5.13 , 5.14 and Figure 5. 11 ). The data demonstrate that the mean R-value recorded from 
above the limit (13.41) is considerably lower than the mean of those collected from 
below (23 .20). Mann- Whitney testing of this R-value data generated a value for U of 3 
and demonstrated that the difference between above and below data sets is significant at 
P= 0.028. 
Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5.11. The data show a general trend of decreasing R-values with 
increasing altitude, which is reflected in a product moment correlation coefficient of r = 
-0.79 (where r is significant at P = 0.05 for values exceeding 0.67 +/-). For data 
categorised into above and below the weathering limit, however, product moment 
correlation coefficient calculations generated values of r = -0.65 and r = -0.75, 
respectively. Since these values do not exceed the critical values for r at P =0.05 (0.88 
+/- and 0.95+/-, respectively) they demonstrate with a 95% level of confidence that no 
significant trend of decreasing R-values with increasing altitude occurs within either 
above or below sub-samples. 
There are marked differences in the depths of dilation joints above and below the 
weathering limit on the southwest shoulder of Purple Mountain (Tables 5 .13, 5 .14 and 
Figure 5 .12). These results show that mean depths of horizontal, vertical, and combined 
(horizontal and vertical) dilation joints are considerably greater above the limits (22.76, 
22.69 and 22.73cm respectively) in comparison with below (6.83, 6.98 and 6.91cm). 
Mann-Whitney testing of horizontal, vertical combined joint depth data generated 
values for U of 0, 2, and 1 respectively. These show a significant difference between the 
above and below data sets at P = 0.004 for horizontal, P = 0.016 for vertical, and P = 
0.008 for combined joint depths. 
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The mean combined (horizontal and vertical) dilation joint depths of sites above and 
below the weathering limit on Feabrahy spur are plotted against the altitude at which 
they were measured in figure 5.12. The data show a general trend of increasing joint 
depths with altitude. This trend is reflected in product moment correlation coefficients 
for horizontal, vertical and combined joint depths of r = 0.82, 0.83 and 0.84 respectively 
(where values for r that exceed 0.67 +/- are significant at P = 0.05). For data categorised 
into above and below the weathering limit, however, calculations generated values for r 
of 0.78, 0.7, 0.75 and 0.43 , 0.52, 0.48 respectively. Since these values do not exceed the 
critical values for rat P =0.05 (+/-0.88 and +/- 0.95, respectively) they demonstrate that 
no significant trend of increasing horizontal vertical or combined joint depths with 
altitude occurs within either above or below sub-samples. 
Results from joint frequency analysis (Tables 5.13 and 5.14) also show significant 
difference between mean values from above and below limits. Rock outcrops above the 
limits (mean frequency index of 3.60) yielded evidence of more frequent jointing when 
compared with results from below (mean frequency index of 2.50). Mann-Whitney 
testing generated a value for U of 2 demonstrating that this difference is significant at P 
= 0.016. To test for a relationship between joint frequency and altitude, product moment 
correlation coefficients have been calculated. For combined above and below data, 
calculations generated a value for r of 0.81 , which exceeds the critical value for r (0.67 
at P = 0.05) and therefore suggests a positive relationship between joint frequency and 
altitude. For data categorised into above and below the weathering limit, calculations 
generated values of r = 0.99 and 0.53 , respectively. Since the value for joint frequency 
data from above the limit exceeds the critical value for r at P = 0.05 (0.88+/-), it 
demonstrates a significant trend of increasing joint frequency with increasing altitude 
above the weathering limit. The value for data from below the limit, however, does not 
exceed the critical value (0.95+/-) and hence suggests no relationship between joint 
frequency and altitude below the weathering limit. 
5.4.2 Spur 4 soil weathering assessment 
Table 5.15 shows the assemblages of clay-sized minerals identified from x-ray 
diffraction analysis of soils sampled from Feabrahy spur. Peaks indicative of quartz, 
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feldspars , and illite / mica occur in all seven samples. Of the samples collected from 
below the weathering limit (S 1-S3), two yielded peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite whilst only one sample yielded peaks 
indicating kaolinite. No other clay-sized minerals were positively identified in samples 
collected from below limits . 
In samples from above weathering limits (S4-S7), peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite occur in three of the four samples and 
peaks indicative of kaolinite occur in two of the four samples. Two of the samples (S6 
and S7) yielded peaks indicative of lepidocrocite while one sample yielded peaks for 
Goethite and one sample yielded peaks for hematite. 
These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Samples 
from above weathering limits contain more varied assemblages of clay-sized minerals 
than those sampled from below. 
Summary magnetic data for samples collected from Feabrahy spur are shown in Table 
5.16. The median value for soft IRM (IRM2omT I SIRM) is higher in samples from 
below limits. For all other parameters median values are higher for samples from above 
limits compared with samples from below. Mann Whitney tests showed that five of the 
six parameters tested (XJ r, xarm, SIRM88omr, IRM2omT / SIRM and SIRM-IRM300mT / 
SIRM) showed a significant difference between above and below data sets at the 0.05 
level of confidence. Product moment correlation coefficients have been calculated to 
test for a relationship between magnetic parameters and altitude. All parameters tested 
yielded values for r that were below the significant values for r at P = 0.05 (095 for 
above values and 0.996 for values from below). These values therefore suggest no 
significant trend with altitude. 
119 
Figure 5. IO Geomorphology of spur 4 and the locations of sampling sites. 
e Feabrahy rock w~thering test locations 
Gnd reference Alt (m) Mean Mean horizontal Mean verttal Mean combined joint trequency R-value joint depths {cm) joint depths {cm) joint depths {cm) index 
R1 84928303 425 29.44 4.20 2.07 3.13 2 
R2 84648334 545 26.56 1.93 2.53 2.23 
R3 84248351 592 24 12 2.00 1 53 1.77 
R4 84198359 609 12.68 19.20 2180 20.50 4 
R5 84038372 685 13.96 19.87 10.87 15.37 3 
R6 83918378 749 14.72 21 .93 24.60 23.27 3 
R7 83576421 983 11 .96 26.27 26.40 26.33 4 
R8 83318378 968 12.20 23.67 30.60 27.13 4 
R9 83696435 969 14.20 22.07 21.00 21.53 4 
Table 5.13 Rock weathering test locations and results from rock weathering assessment for spur 4. 
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Spur 4 • Feabrahy: Rock weathering assesment 
Altitude of weathering limit= 600 • 670m OD Total Above limits Below limits 
Number of test location = 9 5 4 
Number of Schmidt hammer hits = 250 125 100 
Mean Schmidt hammer R-value = 17.76 13.41 23.20 
Standard Deviation from mean R-value = 6.90 1.25 7.34 
Mann-Whitney U-Value 3 
Pearson's Correlation Coeffioenl -0.79 -065 -0.75 
Number of joints measured = 270 150 120 
Mean depth of joint = 15.70 22.73 6.91 
SD from mean joint depth = 10.56 4.70 9.08 
Mann-Whitney U-Value 1 
Pearson's Correlation Coefficient 0.84 0.75 0.48 
Mean horizontal joint depth = 15.68 22.76 6.83 
SD from mean horizontal joint depth = 9.96 2.38 8.31 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.82 0.78 0.43 
Mean vertical joint depth = 15.71 22.69 6.98 
SD from mean vertial joint depth = 11.53 7.46 9.89 
Mann-Whitney U-Value 2 
Pearson's Correlation Coefficient 0.83 0.70 0.52 
Mean Joint frequency index = 3.1 3.60 2.50 
SD from mean frequency index = 0.93 0.55 
Mann-Whitney U-Value 2 
Pearson's Correlation Coefficient 0.81 0.99 0.53 
Table 5 .14 Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur 4. 
a Feabrahy soil sample locations and clay-sized mineral content 
Grid reference Alt(m) 
Depth 1/M Q F CNI K L G Go H 
(cm) C+V/S 
S1 V84938301 418 41 X X X X X 
S2 V84548341 562 47 X X X 
SJ V84318349 591 63 X X X X 
S4 V84068370 673 42 X X X X 
S5 V 83718411 865 57 X X X X X 
S6 V 83428382 954 32 X X X X X X 
S7 V83578 421 983 39 X X X X X X 
Key: I/M = illite / mica, Q = quartz; F = feldspars; CN/C+V/S = chlorite / vermiculije /chlorite + vermiculite I smectite; 
K = kaolinite; L = lepidocrocite; G = gibbsite; Go = goethite; H = hematite 
Table 5.15 Soil sample locations and clay-sized mineral content of soils sampled from spur 4 (x indicates 
that the listed mineral is present). 
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Spur 4 - Feabrahy Above (n = 3) Below (n = 3) 
xlf (10-fi m3 kg-1) Median 0.091 0 .038 
Standard deviation 0.018 0 .010 
Pearsons correlation coefficient -0.444 0 .983 
Mann VVhitney U-Value == o 
x rm (10-6 m3 kg-1 ) Median 1 251 0 070 
Standard deviation 0.587 0 .005 
Pearsons correlation coefficient -0.219 0 .982 
Mann VVhitney U-Value = o 
SIRM880mT (mAm2 kg·1) Median 5.063 0 .163 
Standard deviation 1.847 0 .033 
Pearsons correlation coefficient 0.013 0 .944 
Mann VVhitney U-Value = O 
SIRM / X arm (kAm·1) Median 2.953 1.924 
Standard deviation 0.732 0 .315 
Pearsons correlation coefficient 0.216 0.879 
Mann Whitney U-Value = 2 
IRM20mT / SIRM (mAm2 kg-1) Median 0.035 0 .193 
Standard deviation 0.059 0 .095 
Pearsons correlation coefficient -0.297 0 .241 
Mann VVhitney U-Value = O 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0.368 0 .249 
Standard deviation 0.085 0.103 
Pearsons correlation coefficient 0.536 -0.221 
Mann Vl/hitney U-Value == O 
Table 5.16 Summarised results from the assessment of mineral magnetic properties of soils sampled from 
spur 4 . 
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Figure 5.11 Mean R-values plotted against altitude for spur 4. 
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Figure 5.12 Mean combined (horizontal and vertical) joint depths plotted against altitude for spur 4. 
5.5 Spur 5 Brassel 
Limits between frost-weathered and ice scoured terrain, and the locations of soil sample 
and rock weathering sites for Brassel spur are shown in figure 5.13. The map shows a 
clear limit between frost-weathered and ice scoured terrain between 680-700m OD. 
Rock weathering data were collected from a total number of 9 locations ( 4 above the 
weathering limit and 5 below) and soils were sampled from a total number of 8 
locations (5 above and 3 below). 
5.5.1 Spur 5 rock weathering assessment 
A marked difference can clearly be seen in mean Schmidt hammer R-values of data 
collected from sites below and above the weathering limit on Brassel spur (Tables 5.17, 
5.18 and Figure 5.14). The data demonstrate that the mean R-value recorded from above 
the limit (15.24) is considerably lower than the mean of those collected from below 
(27.90). Mann- Whitney testing of this R-value data generated a value for U of I and 
demonstrates that the difference between above and below data sets is significant at P = 
0.008. 
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Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5.14. The data show a general trend of decreasing R-values with 
increasing altitude, which is reflected in a product moment correlation coefficient of r = 
-0.89 (where r is significant at P = 0.05 for values exceeding 0.67 +/-). For data 
categorised into above and below the weathering limit, product moment correlation 
coefficient calculations generated values of r = -0.79 and r = -0.29, respectively. Since 
these values do not exceed the critical values for r at P =0.05 (0.95 +/- and 0.88+/-, 
respectively) they demonstrate with a 95% level of confidence that no significant trend 
of decreasing R-values with increasing altitude occurs within either above or below sub-
samples. 
There are marked differences in the depths of dilation joints above and below the 
weathering limit on Brassel spur (Tables 5.17, 5.18 and Figure 5.15). These results 
show that mean depths of horizontal, vertical, and combined (horizontal and vertical) 
dilation joints are considerably greater above the limits (16.15, 18.23 and 17.19cm 
respectively) in comparison with below (2.69, 4.35 and 3.52cm). Mann-Whitney testing 
of horizontal, vertical combined joint depth data generated values for U of O and 
demonstrates a significant difference between the above and below data sets at P = 
0.004. 
The mean combined (horizontal and vertical) dtlation joint depths measured at sites 
above and below the weathering limit on Brassel spur are plotted against the altitude at 
which they were measured in figure 5.15. The data show a general trend of increasing 
joint depths with altitude. This trend is reflected in a product moment correlation 
coefficients (r) for horizontal, vertical and combined joint depths 0.91, 0.94 and of 0.93 
(where values for r that exceed 0.67 +/- are significant at P = 0.05). For data categorised 
into above and below the weathering limit, however, calculations generated values for r 
of 0.44, 0.89, 0.75, and 0.43, 0.64, 0.74 respectively. Since these values do not exceed 
the critical values for rat P = 0.05 (+/-0.95 and+/- 0.88, respectively) they demonstrate 
that for horizontal, vertical or combined joint depth data, no significant trend of 
increasing joint depth with altitude occurs within either above or below sub-samples. 
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Results from joint frequency analysis (Tables 5 .17, 5 .18) also show significant 
difference between mean values from above and below limits on Brassel spur. Rock 
outcrops above the limits (mean frequency index of 3.50) yielded evidence of more 
frequent jointing when compared with results from below (mean frequency index of 
1.80). Mann-Whitney testing generated a value for U of O and demonstrates that this 
difference is significant at P = 0.004. To test for a relationship between joint frequency 
and altitude, product moment correlation coefficients have been calculated. For 
combined above and below data, calculations generated a value for r of 0.90, which 
exceeds the critical value for r (0.65 at P = 0.05) and therefore suggests a positive 
relationship between joint frequency and altitude. For data categorised into above and 
below the weathering limit, calculations generated values which fell below the critical 
values for rat P =0.05 (+/-0.95 and +/- 0.88, respectively). They therefore demonstrate 
that no significant trend of increasing joint frequency with increasing altitude occurs 
within either above or below sub-samples. 
5.5.2 Spur 5 soil weathering assessment 
Table 5 .19 shows the assemblages of clay-sized minerals identified from x-ray 
diffraction analysis of soils sampled from Brassel spur. Peaks indicative of quartz, 
feldspars, and illite / mica occur in all eight samples. Of the samples collected from 
below the weathering limit (S 1-S5), none yielded peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite and only two samples yielded peaks 
indicating kaolinite. In addition, one sample yielded peaks indicative of lepidocrocite 
(S3). 
In samples from above weathering limits (S6-S8), peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite occur in one sample while all three of the 
samples yielded peaks indicative of kaolinite. In addition, sample S6 yielded peaks for 
lepidocrocite, S7 yielded peaks for gibbsite and sample S8 yielded peaks for goethite. 
These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Samples 
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from above weathering limits contain more varied assemblages of clay-sized minerals 
than those sampled from below. 
Summary magnetic data for samples collected from Brassel spur are shown in Table 
5.20. The median value for hard IR.Ivl (SIR11-IRM300mr / SIRM) is higher in samples 
from below limits. For all other parameters median values are higher for samples from 
above limits compared with samples from below. Mann Whitney tests demonstrate that 
of the six parameters tested, four (XJr. x,arm, SIRM880mT, SIRM/arm) showed a significant 
difference between above and below data sets at the 0.05 level of confidence. 
Product moment correlation coefficients have been calculated to test for a relationship 
between magnetic parameters and altitude. For data from above the weathering limit, 
calculations for low frequency mass specific susceptibility (XJr) show a trend of 
decreasing values with increasing altitude and calculations for SIRM/arm show a trend 
of increasing values with altitude. No other parameters for data from above the 
weathering limit demonstrate a significant (at P = 0.05) relationship with altitude. For 
data from below the limit, only values for hard IRM (IRM3oomT / SIRM) show a 
significant trend with altitude (at P = 0.05), whereby values decrease with increasing 
altitude. 
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Figure 5.13 Geomorphology of spur 5 and the locations of sampling sites . 
• Brasse/ rock weathering test locations 
Grid reference Alt(m) Mean Mean horizontal Mean vertical Mean combined joint frequency R-11alue joint depths (cm} joint depths (cm} joint depths (cm} index 
R1 83908249 320 26.80 2.57 2.27 2.47 2 
R2 83628258 445 29.80 1.80 4.07 2.93 
R3 83708248 409 30.24 2.73 5.20 3.97 
R4 8303 8254 540 29.48 2.80 6.13 4.47 
RS 83108245 560 23 20 3.47 4.07 3.77 
R6 82838303 725 15.68 11.73 12 33 12.03 4 
R7 82738297 734 23.38 17.00 16.07 16.53 3 
R8 82848322 823 11 .88 19.47 22.07 20.77 
R9 82568336 914 10.00 16.40 22.47 19.43 
Table 5. 17 Rock weathering test locations and results from rock weathering assessment for spur 5 
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Spur 5 • Brassel: Rock weathering assesment 
Altitude of weathering limit= 680 - 700m OD Total Above limits Below limits 
Number of test location = 9 4 5 
Number of Schmidt hammer hits = 225 100 125 
Mean Schmidt hammer R-value = 22.27 15.24 27.90 
Standard Deviation from mean R-value = 7.88 5.92 2.95 
Mann-Whitney U-Value 1 
Pearson's Correlation Coefficient -0.89 -0.79 -0.29 
Number of joints measured = 270 120 150 
Mean depth of joint = 9.60 17.19 3.52 
SD from mean joint depth = 7.61 3.87 0.81 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.93 0.74 0.74 
Mean horizontal joint depth = 8.67 16.15 2.69 
SD from mean horizontal joint depth = 7.73 3.23 0.59 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.91 0.44 0.43 
Mean vertical joint depth = 10.52 18.23 4.35 
SD from mean vertial joint depth = 7.98 4.90 1.45 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.94 0.89 0.64 
Mean Joint frequency index= 2.56 3.50 1.80 
SD from mean frequency index = 1.13 0.45 
Table 5. I 8 Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur 5. 
a Bra"el soil sample locations and clay-sized mlneral content 
Grid reference Alt(m) 
Depth 1/M Q F CN/ K L G Go H 
(cm) C+V/S 
S1 V83908250 320 17 X X X X 
S2 V83368254 518 35 X X X 
S3 1/83038254 540 62 X X X X X 
S4 1/83048255 547 66 X X X 
S5 V83088242 562 73 X X X 
S6 V82708292 730 33 X X X X X 
S7 1/82798319 829 49 X X X X X X 
S8 1/82598337 915 42 X X X X X 
Key: 1/M = illtte / mica; Q = quartz; F = feldspars; CN/C+V/S = chlorite / vermiculite /chlorite + vermiculite / smectite; 
K = kaolinite; L = lepidocrocite; G = gibbstte; Go = goetMe; H = hematite 
Table 5.19 Soil sample locations and clay-sized mineral content of soils sampled from spur 5 (x indicates 
that the listed mineral is present) . 
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Spur 5 - Brassel Above (n = 3) Below (n = 5) 
xlf (10·6 m3 kg·1) Median 0.204 0.059 
Standard deviation 0.111 0.103 
Pearsons correlation coefficient -1 0.226 
Mann Whitney U-Value =2 
x_rm (10-6 m3 kg·1) Median 1 149 0.124 
Standard deviation 1 981 0.932 
Pearsons correlation coefficient -0 940 0.274 
Mann \/1/hitney U-Vafue =2 
StRM880mT (mAm2 kg·1) Median 5.722 0.335 
Standard deviation 2.508 3.518 
Pearsons correlation coefficient -0.850 0.257 
Mann \/1/hitney U-Vafue = 2 
SIRM / X arm (kAm·1) Median 4 044 1.417 
Standard deviatiOn 1.937 0.705 
Pearsons correlation coefficient 1 0.317 
Mann \/\lhitney U-Vafue = 2 
fRM20mT / SIRM (mAm2 kg·1) Median 0.904 0.166 
Standard deviation 0.061 0.063 
Pearsons correlation coefficient -0.989 -0.601 
Mann \/1/hitney U-Value = 3 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0 142 0.223 
Standard deviation 0.136 0.089 
Pearsons correlation coefficient 0.828 •0.885 
Mann Whitney U-Value = 3 
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Figure 5.14 Mean R-values plotted against altitude for spur 5. 
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Figure 5.15 Mean combined (horizontal and vertical) joint depths plotted against altitude fo r spur 5. 
5.6 Spur 6 Curraghmore 
Limits between frost-weathered and ice scoured terrain and the locations of soil sample 
and rock weathering sites for Curraghmore spur are shown in figure 5. I 6. The map 
shows a clear limit between frost-weathered and ice scoured terrain between 680-720m 
OD. Rock weathering data were collected from a total number of IO locations (5 above 
the weathering limit and 5 below) and soils were sampled from a total number of 5 
locations (3 above and 2 below). 
5.6.1 Spur 6 rock weathering assessment 
A marked difference can clearly be seen in mean Schmidt hammer R-values of data 
collected from sites below and above the weathering limit on Curraghmore spur (Tables 
5.21, 5.22 and Figure 5.17). The data demonstrate that the mean R-value recorded from 
above the limit (13 .36) is considerably lower than the mean of those collected from 
below (28 .84). Mann- Whitney testing of this R-value data generated a value for U of 0 
and demonstrates that the difference between above and below data sets is significant at 
P=0.002. 
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Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5.17. The data show a general trend of decreasing R-values with 
increasing altitude, which is reflected in a product moment correlation coefficient of r = 
-0.79 (where r is significant at P = 0.05 for values exceeding 0.63 +/-). For data 
categorised into above and below the weathering limit, product moment correlation 
coefficient calculations generated values of r = - 0.34 and r = -0.64, respectively. Since 
these values do not exceed the critical value for r at P =0.05 (0.88+/) they demonstrate 
with a 95% level of confidence that no significant trend of decreasing R-values with 
increasing altitude occurs within either above or below sub-samples. 
There are marked differences in the depths of dilation joints above and below the 
weathering limit on Curraghmore spur (Tables 5.21, 5.22 and Figure 5.18). These 
results show that mean depths of horizontal, vertical , and combined (horizontal and 
vertical) dilation joints are considerably greater above the limits (12. 76, 14.81 and 
13 .79cm respectively) in comparison with below (3.23 , 3.51 and 3.37cm). Mann-
Whitney testing of horizontal, vertical and combined joint depth data generated a values 
for U of 3, 0 and 0, respectively, all of which demonstrate a significant difference 
between the above and below data sets at P = 0.014 and P = 0.002, respectively. 
The mean combined (horizontal and vertical) dilation joint depths measured at sites 
above and below the weathering limit on Curraghmore spur are plotted against the 
altitude at which they were measured in figure 5.18. The data show no significant trend 
of increasing joint depths with altitude reflected in product moment correlation 
coefficients (r) for horizontal, vertical and combined joint depths 0.41, 0.57 and 0.59, 
respectively (where values for r that exceed 0.63 +/- are significant at P = 0.05). For 
data categorised into above and below the weathering limit, calculations for horizontal, 
vertical, and combined joint depths generated values for r of-0.24, -0.01 , -0.18 (above), 
and -0.28, 0.66, 0.55 (below) respectively. Since these values do not exceed the critical 
values for r at P =0.05 (0.88+/-) they demonstrate that for horizontal, vertical or 
combined dilation joints, no significant trend of increasing joint depth with altitude 
occurs within either above or below sub-samples. 
131 
Results from joint frequency analysis (Tables 5 .21 and 5 .22) also show significant 
difference between mean values from above and below limits on Curraghmore spur. 
Rock outcrops above the limits (mean frequency index of 4.00) yielded evidence of 
more frequent jointing when compared with results from below (mean frequency index 
of 2.22). Mann-Whitney testing generated a value for U of 0 demonstrating that this 
difference is significant at P = 0.002. To test for a relationship between joint frequency 
and altitude, product moment correlation coefficients have been calculated. For 
combined above and below data, calculations generated a value for r of 0.75 , which 
exceeds the critical value for r at P = 0.05 (0.65+/-) and therefore suggests a positive 
relationship between joint frequency and altitude. For data categorised into above and 
below the weathering limit, however, calculations generated a value for below of 0.50 
which does not exceed the critical value for r at P =0.05 (0.88+/-) and therefore 
demonstrates that no significant trend of increasing joint frequency with increasing 
altitude occurs within the below weathering limit data. For joint frequency index data 
from above the limit, since all of the measurements yielded the same result ( 4 ), and 
therefore calculation of a product moment correlation coefficient is not possible. 
However, this clearly suggests no trend of increasing values with altitude. 
5.6.2 Spur 6 soil weathering assessment 
Table 5.23 shows the assemblages of clay-sized minerals identified from x-ray 
diffraction analysis of soils sampled from Curraghmore spur. Peaks indicative of quartz, 
feldspars , and illite / mica occur in all eight samples. Both of the samples collected from 
below the weathering limit (S 1-S2) yielded peaks indicative of chlorite / vermiculite / 
chlorite + vermiculite / smectite. No other clay-sized minerals were identified in below 
limit soils. 
In soils from above weathering limits (S3-S5), peaks indicative of chlorite / vermiculite 
/ chlorite + vermiculite / smectite occur in two of the sample while all three yielded 
peaks indicative of kaolinite. In addition, S3 and S4 yielded peaks for lepidocrocite and 
gibbsite and S3 also yielded peaks for goethite. 
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These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Samples 
from above weathering limits contain more varied assemblages of clay-sized minerals 
than those sampled from below. 
Summary magnetic data for soils sampled from Curraghmore spur are shown in Table 
5.24. The median values for soft and hard IRM (IRM2omT / SIRM and SIRM-IRM3oomT / 
SIRM) are higher in samples from below limits. For all other parameters median values 
are higher for samples from above limits compared with samples from below. Mann 
Whitney tests show that only two (x,arm and SIRM880mT) of the six parameters tested 
demonstrate a significant difference between above and below data sets at the 95% level 
of confidence. 
Since only two soils were sampled from below the weathering limit on Curraghmore, 
calculation of a product moment correlation coefficient is not possible. For soils 
sampled from above the weathering limit, however, calculations demonstrate no 
significant relationship with altitude. 
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Figure 5 .16 Geomorphology of spur 6 and the locations of sampl ing sites. 
® Cuffaghmore rock weathering test locations 
Grid reference Alt(m) Mean Mean horizontal Mean vertical Mean combined joint frequency R-value joint depths (cm) joint depths (cm) joint depths (cm) index 
R1 77738250 380 31.04 4.27 1.73 3.00 2 
R2 78098262 542 31.16 2.00 2 73 2.37 
R3 78158260 643 28.52 3.20 2.93 3.07 
R4 78238270 656 29.48 2.40 6.60 4.50 3 
RS 78258267 663 24.00 4.27 3.53 3.90 3 
R6 78278273 671 19.48 4.73 14.07 9.40 4 
R7 78358274 698 9.96 22.13 12.60 17.37 4 
RS 78578325 782 10.72 19.93 12.07 16.00 
R9 78748358 836 14.92 9.20 28.87 19.03 
R10 79028383 908 11 .72 7.80 6 47 7.13 4 
Table 5.21 Rock weathering test locations and results from rock weathering assessment fo r spur 6. 
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Spur 6 • Curraghmore: Rock weathering assesment 
Altitude of weathering limit = 680-720m OD Total Above limits Below limits 
Number of test location = 10 5 5 
Number of Schmidt hammer hits = 250 125 125 
Mean Schmidt hammer R-value = 21.10 13.36 28.84 
Standard Deviation from mean R-value = 8.78 3.91 2.92 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.75 -0.34 -0.64 
Number of joints measured = 300 150 150 
Mean depth of joint = 8.58 13.79 3.37 
SD from mean joint depth = 6.52 5.21 0.84 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.72 -0.18 0.55 
Mean horizontal joint depth = 7.99 12.76 3.23 
SD from mean horizontal joint depth = 7.25 7.76 1.04 
Mann-Whitney U-Value 3 
Pearson's Correlation Coefficient 0.77 -0.24 -0.28 
Mean vertical joint depth = 9.16 14.81 3.51 
SD from mean vertial joint depth = 8.26 8.37 1.85 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.64 -0.01 0.66 
Mean Joint frequency index = 3.11 4 2.22 
SD from mean frequency index = 1.10 0 0.84 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.75 N/A 0.50 
Table 5.22 Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur 6. 
a Curraghmore soil sample locations and clay-sized mineral content 
Grid reference Alt(m) 
Depth 1/M Q F CNI K L G Go H 
(cm) C+V/S 
S1 V77698259 527 55 X X X X 
S2 V78178283 669 31 X X X X X X 
S3 V78848360 826 18 X X X X X X X X 
S4 V78828338 832 56 X X X X X X X 
S5 V79028383 908 35 X X X X 
Key: 1/M = illite / mica; Q = quartz; F = feldspars; CN/C+V/S = chlorite / venniculite /chlorite + vermiculite / smectite; 
K = kaolinite; L = lepidocrocite; G = gibbsite; Go = goethite; H = hematite 
Table 5.23 Soil sample locations and clay-sized mineral content of soils sampled from spur 6 (x indicates 
that the listed mineral is present). 
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Spur 6 - Curraghmore Above (n = 3) Below(n= 2) 
x:lf (10-6 m3 kg-1) Median 0.086 0.061 
Standard dev,ation 0.035 0.009 
Pearsons correlation coefficient 0.978 NIA 
Mann Whitney U-Value =f 
xrm (10-6 m3 kg-1) Median 1 161 0 082 
Standard deviation 0 785 0 008 
Pearsons correlation coefflaent 0 978 NIA 
Mann Whitney U-Value =0 
SIRM880mT (mAm2 kg-1) Median 3.751 0.373 
Standard deviation 0.656 0.318 
Pearsons correlation coefficient 0.989 NIA 
Mann Whitney U-Value = o 
SIRM / X arm (kAm-1) Median 1.748 1.492 
Standard deviation 1.320 0.219 
Pearsons correlation coefficient -0.350 NIA 
Mann Whitney U-Value = f 
IRM20mT / SIRM ,mAm2 kg-1) Median 0.043 0.078 
Standard deviation 0.046 0.039 
Pearsons correlation coefficient 0.094 NIA 
N/AMann Whitney U-Value = 2 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0.374 0.535 
Standard deviation 0.158 0.314 
Pearsons correlation coefficient -0.881 N/A 
Mann Whitney U-Value = 2 
Table 5 .24 Summarised results from the assessment of mineral magnetic properties of soils sampled from 
spur 6. 
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Figure 5.17 Mean R-values plotted against altitude for spur 6. 
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Figure 5.18 Mean combined (horizontal and vertical) joint depths plotted against altitude for spur 6. 
5. 7 Spur 7 Caber 
Limits between frost-weathered and ice scoured terrain and the locations of soil sample 
and rock weathering sites for Caher spur are shown in figure 5 .19. The map shows a 
clear lower limit of frost-weathered detritus at c.590m OD. Rock weathering data were 
collected from a total number of 8 locations (5 above the this limit and 3 below) and 
soils were sampled from a total number of 7 locations (5 above and 2 below). 
5.7.1 Spur 7 rock weathering assessment 
A marked difference can clearly be seen in mean Schmidt hammer R-values of data 
collected from sites below and above the weathering limit on Caher spur (Tables 5.25, 
5.26 and Figure 5.20). The data demonstrate that the mean R-value recorded from above 
the limit (12.03) is considerably lower than the mean of those collected from below 
(30.72). Mann-Whitney testing of this R-value data generated a value for U of O and 
shows that the difference between above and below data sets is significant at P = 
0.0235. 
Mean Schmidt hammer R-values are plotted against the altitude at which they were 
recorded in figure 5.20. The data show a general trend of decreasing R-values with 
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increasing altitude, which is reflected in a product moment correlation coefficient of r = 
-0.75 (where r is significant at P = 0.05 for values exceeding 0.67 +/-). For data 
categorised into above and below the weathering limit, product moment correlation 
coefficient calculations generated values of r = - 012 and r = 0.78 , respectively. Since 
these values do not exceed the critical values for r at P =0.05 (0 .88+/- and 0.996+/-, 
respectively) they demonstrate with a 95% level of confidence that no significant trend 
of decreasing R-values with increasing altitude occurs within either above or below sub-
samples. 
There are marked differences in the depths of dilation joints above and below the 
weathering limit on Caher spur (Tables 5.25, 5.26 and Figure 5.21). These results show 
that mean depths of horizontal, vertical, and combined (horizontal and vertical) dilation 
joints are considerably greater above the limits (23.88, 21.47and 22.67cm respectively) 
in comparison with below (2.84, 3.62 and 3.23cm). Mann-Whitney testing of horizontal, 
vertical combined joint depth data generated values for U of 0 and demonstrate a 
significant difference between the above and below data sets at P = 0.0235. 
The mean combined (horizontal and vertical) dilation joint depths measured at sites 
above and below the weathering limit on Caher spur are plotted against the altitude at 
which they were measured in figure 5 .21 . The data show a general trend of increasing 
joint depths with altitude reflected in a product moment correlation coefficient (r) of 
0.72 (where values for r exceeding 0.71 +/- are significant at P = 0.05). This trend is 
also significant for horizontal joint depth data (r = 0. 77) but not for vertical joint depth 
data (r = 0.64). For data categorised into above and below the weathering limit 
calculations for r generated values of 0.02 - 0.38 - 0.31 and - 0.96, -0.13 , -0.29 
respectively. Since these values do not exceed the critical values for r at P =0.05 
(0.88+/- and 0.996+/-, respectively) they demonstrate that for horizontal, vertical or 
combined joint depth data, no significant trend of increasing joint depth with altitude 
occurs within either above or below sub-samples. 
Results from joint frequency analysis on Caher spur (Tables 5 .25 and 5 .26) also show a 
significant difference between mean values from above and below limits. Rock outcrops 
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above the limits (mean frequency index of 3.6) yielded evidence of more frequent 
jointing when compared with results from below (mean frequency index of 1.67). 
Mann-Whitney testing generated a value for U of O showing that this difference was 
significant at P = 0.0235. To test for a relationship between joint frequency and altitude, 
product moment correlation coefficients have been calculated. For combined above and 
below data, calculations generated a value for r of 0.81, which exceeds the critical value 
for r (0.71 at P = 0.05) and therefore suggests a positive relationship between joint 
frequency and altitude. For data categorised into above and below the weathering limit, 
calculations generated values for r of 0.80 and -0.56, respectively (significant at P 
=0.05 for values exceeding 0.88+/- and 0.996+/-, respectively). These values therefore 
demonstrate that no significant trend of increasing joint frequency with altitude occurs 
within either above or below sub-samples. 
5.7.2 Spur 7 soil weathering assessment 
Table 5.27 shows the assemblages of clay-sized minerals identified from x-ray 
diffraction analysis of soils sampled from Caher spur. Peaks indicative of quartz, 
feldspars, and illite / mica occur in all seven samples. Of the samples collected from 
below the weathering limit (S 1 and S2), both yielded peaks indicative of chlorite / 
vermiculite / chlorite + vermiculite / smectite and S2 yielded peaks indicating kaolinite 
and gibbsite. 
For soils sampled from above weathering limits (S3-S7), all five yielded peaks for 
lepidocrocite, four yielded peaks indicative of chlorite / vermiculite / chlorite + 
vermiculite / smectite (S3 , S4, S5 , and S6) and four yielded peaks indicative of kaolinite 
(S3, S4, S5 and S7). In addition, samples S3 and S5 yielded peaks for goethite, S3 
yielded peaks for gibbsite and sample S6 yielded peaks for hematite. 
These data suggest that there is a significant difference in the clay-sized mineral 
assemblages of basal soil samples from above and below the weathering limits. Samples 
from above weathering limits contain more varied assemblages of clay-sized minerals 
than those sampled from below. 
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Summary magnetic data for samples collected from Brassel spur are shown in Table 
5.28. The median values for low frequency mass specific susceptibility (:xir), anhysteretic 
remanent magnetisation (xarm) and soft isothermal remanent magnetisation (IRM20mT / 
SIRM) are higher in soils sampled from below the limit in comparison with those 
sampled from above. In contrast, the values for saturated isothermal remanence 
magnetisation (SIRM88omT) , the ratio of saturated isothermal remanence magnetisation 
to anhysteretic remanent magnetisation (SIRM / xarm) and hard isothermal remanence 
magnetisation (IRM3oomT I SIRM) are higher in soils sampled from above compared 
with those sampled from below. Mann-Whitney tests showed that the six magnetic 
parameters, only values for soft IRM (IRM2omT I SIRM) and hard IRM (IRM300mT / 
SIRM) demonstrate a significant difference between above and below data sets at P = 
0.05. 
Since only two soils were sampled from below the weathering limit on Caher, 
calculation of a product moment correlation coefficient is not possible. For soils 
sampled from above the weathering limit, however, calculations demonstrate no 
significant (at P = 0.05) relationship between any of the magnetic parameters tested and 
altitude. 
Figure 5 .19 Geomorphology of spur 7 and the locations of sampling sites. 
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G!P Caher rock weathering test locations 
Grid reference Alt (m) Mean Mean horizontal Mean vertical Mean combined joint frequency R-value joint depths (cm) joint depths (cm) joint depths (cm) index 
R1 76578503 304 28.88 3.20 3 73 3.47 2 
R2 77558401 501 32.72 260 5 47 4 03 
R3 77688390 519 3C 56 2'3 · 67 2 20 1 
R4 77668402 543 11 20 24 13 20 20 22 17 3 
RS 77888433 677 15.04 23.00 29 47 26.23 
R6 78548428 837 10.52 26.87 20.67 23.77 4 
R7 78848371 882 9.72 20.27 16.07 18.17 4 
RS 78848422 935 1368 25.13 20.93 23.03 
Table 5.25 Rock weathering test locations and results from rock weathering assessment for spur 7. 
Spur 7- Caher: Rock weathering assesment 
Altitude of weathering limit = 590m OD Total Above limits Below limits 
Number of test location = 8 5 
Number of Schmidt hoovner hits = 200 125 75 
Mean Schmidt halTVTler R-value = 19.04 12.03 30.72 
Standard Deviatioo from mean R-value = 9.87 2.24 1.92 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient -0.75 -0.12 0.78 
Number of joints measured = 240 150 90 
Mean depth of joot = 15.38 22.67 3.23 
SD from mean joint depth = 10.32 2.94 0.94 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.72 -0.31 -0.29 
Mean horizontal joint depth = 15.99 23.88 2.84 
SD from mean holizonlal joint depth = 11.05 2.47 0.32 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.77 0.02 -0.96 
Mean vertical joint depth = 14.77 21 .47 3.62 
SD from mean vertial joint depth = 10.00 4.89 1.90 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.64 -0.38 -0.13 
Mean Joint frequency index = 2.88 3.60 1.67 
SD from mean frequency index = 1.13 0.55 0.58 
Mann-Whitney U-Value 0 
Pearson's Correlation Coefficient 0.81 0.80 -0.56 
Table 5 .26 Summary of mean Schmidt hammer r-value data and joint depth measurements recorded on 
spur 7. 
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a Caher soil sample locations and clay-sized mfneraf content 
Grid reference Alt(m) 
Depth 1/M Q F CN/ K L G Go H 
(cm} C+V/S 
S1 V76658667 285 54 X X X X 
S2 V77618480 509 68 X X X X X X 
S3 V77888431 666 45 X X X X X X X X 
S4 V78418420 805 '2 X X X X X X 
S5 V7839841 7 807 54 X X X X X X X 
S6 V 79048397 960 52 X X X X X X 
S7 V79048397 964 29 X X X X X 
Key: I/M = iMe / mica; Q = quartz; F = feldspars; CN/C+V/S = chlorite / vermiculite /chlorite + vermiculite/ smectite; 
K = kaolinite; L = lepidocrocite; G = gibbsije; Go = goethite; H = hematije 
Table 5.27 Soil sample locations and clay-sized mineral content of soils sampled from spur 7 (x indicates 
that the listed mineral is present). 
Spur 7 - Caher Above (n = 5) Below (n = 2) 
xJf (10-6 m3 kg-1) Median 0.085 0.130 
Standard deviation 0.037 0.111 
Pearsons correlation coefficient 0.485 NIA 
Mann 1/Vhitney U-Value =3 
xrm (10·6 m3 kg-1) Median 0.080 1.079 
Standard deviation 0299 1.410 
Pearsons cxmelation coefficient 0.428 NIA 
Mann 1/Vhitney U-Value =5 
SIRM880mT (mAm2 kg·1) Median 4.817 3.898 
Standard deviation 1.974 5.274 
Pearsons correlation coefficient -0.073 N/A 
Mann 1/Vhitney U-Value = 5 
SIRM / X arm (kAm-1) Median 2.501 2.118 
Standard deviation 0.900 0.608 
Pearsons correlation coefficient 0.299 N/A 
Mann 1/Vhitney U-Value = 4 
IRM20mT / SIRM (mAm2 kg-1) Median 0.029 0. 174 
Standard deviation 0.028 0.123 
Pearsons correlation coefficient 0.723 N/A 
Mann 1/Vhitney U-Value = 0 
SIRM-IRM300mT / SIRM (mAm2kg·1) Median 0.442 0.245 
Standard deviation 0.086 0.087 
Pearsons correlation coefficient -0 413 N/A 
Mann Whitney U-Value = 0 
Table 5.28 Summarised results from the assessment of mineral magnetic properties of soils sampled from 
spur 7. 
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Figure 5 .2 1 Mean combined (h01izontal and vertical) joint depths plotted against altitude for spur 7. 
5.8 Summary 
5.81 Schmidt hammer assessment 
For each of the seven spurs, the mean Schmidt hammer R-value of data collected from 
above the weathering limit is considerably lower than the mean value of data collected 
from below. Mann-Whitney tests show that, with the exception of Derrycama (spur 3), 
the difference between mean R-values recorded above the weathering limit compared 
with below is significant at beyond P = 0.05 . 
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Schmidt hammer data from 6 of the 7 spurs demonstrate a trend of decreasing R-values 
with increasing altitude, which according to calculations of product moment correlation 
coefficients, is significant at beyond a 95% level of confidence. For data classified into 
above and below sub-samples. howeYer. none of the spurs shoVv· a trend of decreasing 
R-values with increasing altitude, although, data collected from above the weathering 
limit on Derrycarna does demonstrate a trend of increasing R-values with altitude, 
which is significant at P = 0.05 according to calculation of product moment correlation 
coefficients. 
5.82 Depths and frequencies of dilation joints 
For dilation joint depths, mean measurements from all seven spurs demonstrate that 
horizontal, vertical, and combined joint depths are considerably greater in depth above 
the limits in comparison with below. Mann-Whitney testing show that for each spur, the 
differences between the depths of horizontal vertical and combined dilation joints above 
and below the weathering limit is significant at beyond P = 0.05. 
Joint depth measurements from four of the spurs demonstrate a trend of increasing 
horizontal and combined joint depths with altitude and data from three of the spurs 
demonstrate increasing vertical joint depths with altitude. Product moment correlation 
coefficients show that these trends of increasing joint depths with altitude are significant 
at P = 0.05 . For data categorised into above and below sub-samples, however, data from 
none of the spurs demonstrates a significant trend of increasing joint depths with 
altitude. 
The results of di lation joint frequency assessment suggest that for all seven spurs, 
bedrock dilation joints are more frequent above weathering limits compared with below. 
Mann-Whitney tests show that for all seven spurs, the difference between mean joint 
frequency index values above and below the limits is significant at beyond P = 0.05 . For 
all the seven spurs, product moment coefficients demonstrate a trend of increasing 
dilation joint frequency with altitude that proves significant at beyond P = 0.05. For data 
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categorised into above and below sub samples, however, only joint frequency data sets 
from above the weathering limit on two spurs, Derrycarna and Feabrahy, demonstrate a 
significant (at P = 0.05) trend of increasing dilation joint frequency with altitude. 
5.83 Assemblages of clay sized minerals of C - horizon soils 
The results from XRD analysis suggest that C-horizons of soils sampled from above the 
weathering limit on all seven spurs are more likely to contain a greater variety of clay-
sized minerals than soils from below. In particular, soils above the limit are more likely 
to contain lepidocrocite, gibbsite, goethite, and hematite than soils below the limit. 
5.84 Magnetic properties of C - horizon soils 
Results from the comparison of environmental magnetic properties of soils from above 
and below the limits of each of the spurs also show some significant differences. With 
the exception of Caher spur (spur 7), median values for low field mass specific 
susceptibility (XJr) were higher for soils from above limits compared with below. Mann-
Whitney tests, showed that soils from above and below the limit of only three spurs 
(Drishana Feabrahy and Brassel) showed a significant difference at P = 0.05. Median 
values for anhysteretic remanent magnetisation (xarm) and saturated isothermal 
remanence magnetisation (SIRM880mT) are higher for soils from above the limits of all 
seven spurs compared with below, four of which (Drishana, Feabrahy, Brassel and 
Curraghmore) proved significantly different at P = 0.05. For the ratio of saturated 
isothermal remanence magnetisation to anhysteretic remanent magnetisation (SIRM / 
xarm) median values are also higher for soils from above the limits of all seven spurs 
compared with below, although data from only three of these spurs (SW Purple 
Mountain Drishana and Brassel) proved significantly different at P = 0.05. For soft 
isothermal remanence, median values are lower for soils from above the limits of six of 
the seven spurs compared with soils below. This difference proved significant at P = 
0.05 for two of these spurs (Feabrahy and Caher). Finally, for hard isothermal 
remanence, median values were higher above the limit for four out of the seven spurs, 
of which only two (Feabrahy and Caher) proved significant at P = 0.05. In terms of a 
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relationship between environmental magnetic properties and altitude, for soils 
categorised into above and below, only SIRM data from below the weathering limit on 
Drishana spur and SIRM/arm data from above the limit on Brassel spur demonstrate a 
significant trend of increasing values with altitude. Values for low frequency mass 
specific susceptibility from abo\'e the weathering limit (XJt) on Brassel also show a 
significant relationship with altitude; the values decrease with increasing altitude. 
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Chapter 6.0 Comparison of rock and soil weathering characteristics 
above and below the recorded limits 
In this chapter rock and soil-weathering data is presented from the entire study area and 
comparisons are made bet,\cen data sets from aboYe and below the weathering limits 
outlined in chapter 4. From this, significant differences between above and below data 
sets can be highlighted. 
6.1 Rock weathering assessment 
Rock weathering data has been collected from a total number of 162 locations, 73 of 
which were above and 89 of which were below the weathering limits described 
previously in chapter 4. The results from rock weathering assessment are categorised 
into above and below sub-samples and summarised in table 6.1. 
Rock weathering assesment Total Above limits Below limits 
Number of Schmidt hammer test locations 162 73 89 
Number of Schmidt hammer hits 4050 1850 2200 
Mean Schmidt hammer R-value 22.01 15.32 27.51 
Standard Deviation from mean R-value 4.22 4.34 4.13 
Mann-Whitney Z-Value (where U = 381) 9.65 
Number of joint depth test locations 153 70 83 
Number of joints measured 4590 2100 2490 
Mean depth of joint 11.52 18.56 5.59 
SD from mean joint depth 6.37 8.94 4.20 
Mann-Whitney Z-Value (where U = 275) 9.63 
Mean horizontal joint depth 11 .20 18.84 4.76 
SD from mean horizontal joint depth 5.34 8.21 2.92 
Mann-Whitney Z-Value (where U = 292) 9.57 
Mean vertical joint depth = 12.20 18.85 6.58 
SD from mean vertial joint depth 6.07 8.19 4.28 
Mann-Whitney Z-Value (where U = 515) 8.75 
Number of joint frequency measurements 162 73 89 
Mean Joint frequency index 2.81 3.67 2.11 
SD from mean frequency index 0.99 0.53 0.66 
Chi-Squared test (where df = 7) 107.37 
Table 6.1 Summary results from rock weathering assessment that compares data collected from all 
locations above the weathering limits with data from all locations below. 
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Results from Schmidt hammer testing show a significant difference between above and 
below sub-samples, where the mean R-value recorded at locations above the weathering 
limits is considerably lower than the mean R-value recorded at locations below. 
Percentage frequency distribution~ of R-valuc data (Figure 6.1) sho"" that over 70% of 
Schmidt hammer measurements at sites above the inferred lim it generated R-values of 
<19 whilst over 85% of measurements below the limits generated R-values of >20. 
Mann- Whitney testing of R-value data provided a value for U of 381 and value for Z of 
9.65 demonstrating that the difference between above and below R-value data sets is 
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Figure 6.1 Bar chart comparing percentage frequency distributions of R-value data recorded at locations 
above the weathering limits with data from below. 
There are also marked differences in the depths of dilation joints above and below the 
weathering limit (Table 6.1). The results show that mean depths of horizontal, vertical, 
and combined (horizontal and vertical) dilation joints are considerably greater above the 
limits (18 .84, 18.85 and 18.56cm respectively) in comparison with below (4.76, 6.58 
and 5.59 cm). Percentage frequency distributions (Figures 6.2, 6.3 and 6.4) demonstrate 
that over 85% of horizontal, over 75% of vertical and over 80% of combined joints 
measured at locations below the weathering limit had depths of less than 10cm. In 
contrast over 70%, of horizontal, vertical, and combined joints measured at locations 



















0>4 5>9 10>14 15>19 20>24 25>29 30>34 35> 
Horizontal joint depths (cm ) 
• Below 
• Above 
Figure 6.2 Bar chart comparing percentage frequency distributions of horizontal joint depths measured 
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Figure 6.3 Bar chart comparing percentage frequency distributions of vertical joint depths measured 
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Figure 6.4 Bar chart comparing percentage frequency distributions of combined (horizontal and vertical) 
joint depths measured above the weathering limit with those measured below. 
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Mann-Whitney testing of horizontal, vertical combined joint depth data generated 
values for U of 292, 515 and 275 and for Z of9.57, 8.75 , and 9.63 respectively. These 
values demonstrate that the differences between horizontal, vertical and combined 
dilation joint depths measured above the weathering limit compared with those 
measured below are significant to beyond P = 0.001. 
Although horizontal and vertical joints have been measured independently, comparisons 
of the two data sets reveal little difference between mean values and percentage 
frequency distributions (Table 6.1, Figure 6.2 and 6.3). The mean depth of vertical 
joints measured on rock outcrops below the weathering limit (6.58cm) is, however, 
deeper than the mean depth of horizontal joints measured below the limit ( 4. 76cm). A 
Mann-Whitney test for this data generated a value for U of2760 and a value for Z of 2.5 
and demonstrated that the difference the difference between horizontal and vertical joint 
depths below the weathering limit is significant at beyond P = 0.05 (two tailed 
probability). 
Results from joint frequency analysis (table 6.1) also show a significant difference 
between mean values recorded above and below limits . Rock outcrops above the limits 
(mean frequency index of 3.67) yielded evidence of more frequent jointing when 
compared with results from below (mean frequency index of 2.11). A Chi Square test 
generated a value of 107.37 (with 7 degrees of freedom), which demonstrates that this 
difference is significant to beyond P = 0.001. 
6.2 Soil weathering characteristics 
Soils have been sampled from a total number of 89 locations, 49 of which were above 
and 40 of which were below the limits weathering limits outlined in chapter four. 
Table 6.2 compares the most abundant clay-sized minerals identified from XRD 
analysis of soils sampled from above the weathering limit with those soils sampled 
below. 
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All samples tested were found to contain quartz, feldspars and illite / mica. For soils 
sampled from below the weathering limits, 82.5% yielded peaks indicating chlorite / 
vermiculite / chlorite + vermiculite / smectite, 45% yielded peaks indicating kaolinite, 
17.5% yielded peaks for lepidocrocite, 7.5% yielded peaks for gibbsite and 2.5% 
yielded peaks for goethite and hematite. In contrast, for soils sampled above the limit, 
59.18% yielded peaks indicating chlorite / vermiculite / chlorite + vermiculite / 
smectite, 69.39% yielded peaks indicating kaolinite, 61.22% yielded peaks for 
lepidocrocite, 30.61 % yielded peaks for gibbsite, 20.41 % yielded peaks for goethite and 
16.33% yielded peaks for hematite. 
Minerals identified 1/M Q F CNI K L G Go H 
C+V/S 
Above (n:;49) 49 49 49 29 34 30 15 10 8 
% 100 100 100 59.18 69.39 61 .22 30.61 20.41 16.33 
Below (n:;40) 40 40 40 33 18 3 7 1 
% 100 100 100 82.50 45 7.50 17.50 2.5 2.5 
Key: 1/M = illite / mica; Q = quartz; F = feldspars; CN/C+V/S = chlorite / vermiculite /chlorite +vermiculite / smectite; 
K = kaolinite; L = lepidocrocite; G = gibbsite; Go = goethite; H = hematite 
Table 6.2 The abundant clay-sized minerals identified from XRD of all soils sampled 
above the weathering limits compared with all soils sampled below. 
These results suggest significant differences between soils sampled from above the limit 
compared with soils sampled from below. Soils sampled above the weathering limit 
show greater variety in mineral content and are more likely to contain kaolinite, 
lepidocrocite, gibbsite, goethite, and hematite than soils sampled above the weathering 
limit. Soils sampled from below the weathering limit are, however, more likely to 
contain chlorite / vermiculite / chlorite + vermiculite / smectite than soils sampled from 
above. Typical XRD traces of soils sampled from above and below the weathering limit 
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Figure 6.5 A comparison ofXRD traces for typical soils sampled from above the weathering limit (ss57) 
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Figure 6.6 A further comparison ofXRD traces for typical soils sampled from above the weathering limit 
(ss211) with soils sampled from below (ss23) (refer to appendix for details of soil samples). 
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Results from the assessment of environmental magnetic properties of soils sampled 
from above and below the weathering limit are summarised and compared in Table 6.3 
and plotted in figure 6.7. The median value for soft isothermal remanence is higher for 
soils sampled from below the weathering limits in comparison with the median value of 
soils sampled from above. For the other five magnetic parameters tested, however, 
median values are higher for soils sampled above the limit compared with those 
sampled below. Mann-Whitney tests demonstrated that for all six parameters, the 
differences between the median values for soils sampled above compared with below 
the weathering limit was significant at beyond P = 0.001. These results therefore 
suggest that soils above the weathering limits are more likely to yield higher values for 
mass specific low field magnetic susceptibility (XJr), anhysteretic remanent 
magnetisation (xarm), saturated isothermal remanent magnetisation (SIRM88omr), the 
ratio of saturated isothermal remanent magnetisation to anhysteretic remanent 
magnetisation (SIRM / xarm) and hard isothermal remanent magnetisation (IRM3oomr / 
SIRM), and lower values for soft isothermal remanent magnetisation (IRM2omr / SIRM) 
than soils below. 
Magnetic parameter Above (n = 49) Below (n = 40) 
xlf (10-6 ml kg·1) Median 0.089 0.054 
Standard deviation 0.057 0.058 
Mann Whitney Z value (U =578) ·3.316 
x arm (10~ ml kg·1) Median 0.739 0.155 
Standard deviation 0.837 2.013 
Mann Whitney Z value (U =489) -4 .050 
SIRM880mT (mAm2 kg·1) Median 3.639 0.341 
Standard deviation 2.737 2.923 
Mann Whitney Z value ( U =441) -4.446 
SIRM / X arm (kAm·1) Median 3.587 1.976 
Standard deviation 2.004 1.410 
Mann Whitney Z value (U =505) -3 .918 
IRM20mT / SIRM (mAm2 kg·1) Median 0.065 0.111 
Standard deviation 0.065 0.085 
Mann Whitney Z value (U =1410) 3.547 
SIRM-IRMl00mT / SIRM {mAm2kg·1) Median 0.347 0.253 
Standard deviation 0.128 0.129 
Mann Whitney Z value (U =612) ·3 .002 
Table 6.3 Summary magnetic data comparing magnetic properties of all soils sampled above weathering 
limits with soils sampled below. 
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Figure 6.7 Box plots of measured magnetic parameters comparing the distribution of data from all soils sampled above the weathering limit 
to all soils sampled below the weathering limit. The plots show maximum values, minimum values, upper quartiles and lower quartiles. 
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Chapter 7.0 Discussion and implications 
7.1 Geomorphological evidence 
The geomorphological evidence outlined in chapter four shows that a high-level 
weathering limit, between frost-weathered and ice-scoured terrain, occurs on upper 
slopes of mountains throughout the study area (Table 4.1). There is convincing 
evidence to suggest that this weathering limit is a periglacial trimline marking the 
maximum elevation to which ice, during the last main phase of glaciation, eroded or 
trimmed a pre-existing cover of frost-weathered rock. 
The weathering limit is sharp and can be confined at some locations to within 20m in 
altitude, for example on the southwest shoulder of Purple Mountain (Figures 4.4, 4.5, 
4.6, and 5.1). The altitude of the weathering limit decreases from a maximum of 
c.680-720m OD in the south of the study area to c.300-400m OD in the north. This 
evidence is consistent with reconstructions of former ice flow directions that suggest a 
former ice centre or divide in the vicinity of Kenmare. This is because the weathering 
limit decreases in altitude with increasing distance from the inferred centre and along 
former flow lines to the west of the Macgillycuddy' s Reeks, through the Gap of 
Dunloe and through the trough of Lough Leane. In addition, the weathering limit is 
confluent with morainic deposits on the eastern side of the Gap of Dunloe (Figures 4.3 
and 4.9) and on the western slopes of Skregbeg (Figures 4.25 and 4.37). According to 
Ballantyne and Harris (1994), these are characteristics of true periglacial trimlines. 
The weathering limit is most clearly evident across the southern slopes of the 
Macgillycuddy's Reeks, on the spurs termed Drishana, Derrycarna, Feabrahy and 
Brassel and in particular on the southwestern shoulders of Purple Mountain and 
Curraghmore. Conversely, the limit is far less clear on the northern slopes of the 
Macgillycuddy's Reeks and on the north slopes of Tomies, Shey, and Mangerton 
Mountains. Three factors have been identified that can affect the clarity of periglacial 
trimlines: the effectiveness of glacial erosion; the susceptibility of ice scoured bedrock 
to process of frost weathering subsequent to ice retreat; the influence of mass 
movement processes (Thorp, 1981 ). The glacial geomorphology of the northern 
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slopes varies considerably from the terrain on the south, southeast, and southwestern 
sides of the Reeks. The northern slopes are drift mantled with lateral moraines 
marking former ice margins. This is in contrast to terrain on the south, southeastern 
and southwestern slopes of the Reeks and further to the south, east, and west where 
glacial erosion has dominated and drift cover is thin and discontinuous (Figures 4.3, 
4.14, 4.25, 4.38, 4.58 and 4.65). The geology is not significantly different as the entire 
area is composed of Old Red Sandstones (Figure 1.2) and evidence of downslope 
mass-movement processes is no more apparent on northern slopes compared with 
southern slopes. Therefore the effectiveness of glacial erosion appears the most 
significant factor influencing the contrasting clarity of the weathering limit between 
the north and south of the Reeks. 
Figure 4.65 (p.95) maps the distribution and thickness of drift for the study area. This 
shows that to the south of the Macgillycuddy's Reeks, drift cover is thin and 
discontinuous and to the north, the drift is continuous and thicker. The contrasting 
glacial geomorphology between the northern and southern slopes of the study area is 
also evidence supporting the notion of an ice centre or divide in the vicinity of 
Kenmare. Ice, moving north from Kenmare and diverging on the southern slopes of 
the Macgillycuddy's Reeks would have diverged under high basal shear stresses and 
would therefore probably have been warm based and have had a high erosive 
capacity. In contrast, ice converging on the northern slopes of the Reeks and the 
lowlands to the north would, however, have had relatively lower basal shear stresses, 
and hence would have been be considerably less erosive. This idea also supports the 
hypothesis that the weathering limit is a periglacial trimline. This is because 
periglacial trimlines are most likely to occur where the erosive capacity of a former 
ice mass was at its greatest, for example flanking the sides of steep rock steps (spurs) 
and other topographical constrictions to former ice flow (Bryant, 1968; Thorp, 1981 ). 
This therefore explains the occurrence of clear and well-preserved trimlines on the 
southern slopes of the Reeks and in particular the southwest shoulders of Purple 
Mountain and Curraghmore where glacial erosion was most effective in comparison 
with northern slopes where erosion would have been least effective. 
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7.2 Evidence from Schmidt hammer R-values 
Schmidt hammer testing, as hypothesised, demonstrated significantly higher mean R-
values below the weathering limit in comparison with above for six out of the seven 
spurs and for data collated from the entire study area. These findings are consistent 
with similar studies made elsewhere (e.g. Ballantyne, 1997; Ballantyne et al, 1997; 
Ballantyne et al, 1998; Ballantyne and McCarroll, 1995; McCarroll and Nesje, 1993; 
esje et al, 1994) and are interpreted as reflecting more advanced rock weathering 
above the mapped limit. The results are therefore concurrent with the notion that 
processes of glacial erosion removed a pre-existing zone of frost-weathered rock 
below the limit and that above the limit, frost weathered bedrock was unaffected by 
processes of glacial erosion. This evidence is therefore in support of the interpretation 
that the weathering limit is a periglacial trimline marking the former maximum 
vertical limits of the last main phase of glaciation. 
For Schmidt hammer data from Derrycarna spur, however, R-values from sites below 
the weathering limit were not significantly higher (at a 95% level of confidence) than 
R-values recorded at sites above the limit (Tables 5.9, 5.10 and Figure 5.8). A number 
of factors have been identified that can affect Schmidt hammer data of this nature 
(Figure 2.6) . Instrument error is considered an unlikely cause of the unexpectedly 
high values recorded above the limit on Derrycarna since the hammer was tested for 
calibration at regular intervals. Lithology could be a possible cause since there is a 
transition in geology at c.300m OD on Derrycarna spur from St. Finan's Sandstone to 
Loch Acoose Sandstone. This transition occurs across the entire southern slopes of the 
Reeks, however, and does not appear to impact upon Schmidt hammer data from other 
spurs. An alternative litholigical explanation could be nature of the bedrock above the 
limit on Derrycarna. Bedrock here has weathered into large angular blocks in 
comparison with the platy rock detritus that occurs above the weathering limit 
elsewhere in the study area and this may be a reflection of local contrasts in the 
thickness of bedding sheets (compare Figure 4.22 with 4.21). 
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7.3 Evidence from depths and frequencies of dilation joints 
Comparison of the depths and frequencies ofrock dilation joints above and below the 
weathering limits demonstrated, as expected, significantly deeper, and more frequent 
joints above limits compared with below. These results are consistent with findings 
elsewhere (e.g. Ballantyne and f\lcCarroll. 1995: Ballantyne, 1997; Lamb and 
Ballantyne, 1998; Ballantyne and Hallam, 2001) and confirm significant differences 
in the degree of rock weathering above the weathering limit compared with below. 
These findings suggest that exposed rock outcrops above the weathering limit have 
been subject to a greater degree of weathering than outcrops below the limit. This is 
interpreted as reflecting the removal of a pre-existing zone of frost-weathered rock 
below the limit as a result of processes of glacial erosion and the survival of frost 
weathered bedrock above. This evidence therefore supports the interpretation of the 
weathering limit as a periglacial trimline. 
Comparison of horizontal and vertical joint depths revealed that the mean depth of 
vertical joints measured on bedrock outcrops below the weathering limit is deeper 
than the mean for horizontal joints measured on outcrops below the weathering limit. 
This difference may be a reflection of the geological structure of the area, such as 
orientation of bedding planes and may therefore pre-date glaciation. However, if this 
were the case then this difference would also be expected between horizontal and 
vertical joint depths measured above the limit. Alternatively, it is possible that glacial 
erosion has had a greater influence on the formation and expansion of vertical rock 
joints. As a glacier moves over an irregular bedrock surface, - stress fields are 
generated that may be sufficient to cause bedrock to fracture. Theoretical calculations, 
however, suggest that this will only occur where pre-existing weaknesses exist 
(Bennett and Glasser, 1996). Most bedrock contains joints, bedding planes and other 
lines of weakness, which may be exploited and expanded by the stress field generated 
by the flow of ice over them, and by pressure release as result of glacial unloading 
(Bennett and Glasser, 1996). The difference between horizontal and vertical joint 
depths measured below the limit, therefore, most likely reflects a combination of the 
geological structure and joint expansion as a result of glacial erosion and glacial 
unloading. 
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Results from joint frequency analysis support joint depth measurements and confirm 
significant differences in the degree of rock weathering above and below the limit. 
The method offers a new quick and quantitative indicator of the relative degree of 
bedrock rock surface weathering and can be applied to very large bedrock masses and 
to outcrops with no exposed faces deemed suitable fo r Schmidt hammer testing. It 
must, however, be noted that although dilation joint frequency appears to give an 
indication of the relative degree of rock surface weathering, a number of other factors 
can impact upon dilation joint frequency. These factors are, in general, the same that 
affect joint depths (refer to section 2.4.2), the most significant of which are variations 
in lithology (Ballantyne et al, 1998). In the case of joint frequencies, the thickness of 
bedding sheets is considered most important. This is because weathering processes 
exploit natural rock joints and bedding planes, and therefore the thickness of bedding 
sheets will have a significant impact on joint frequency. It is therefore suggested that 
when assessing the frequencies of rock dilation joints as an indicator of the relative 
degree of rock surface weathering, observations or measurements be made regarding 
the relative thickness of bedding sheets. 
Although the index scale chosen for this study (Table 3 .1) proved successful it is also 
suggested that a greater range of index values (e.g. 1>11) and corresponding joint 
frequencies (e.g. 0, 1-2, 3-4, 5-6, 7-8 ... 19>) would provide finer resolutionjoint depth 
data that may be useful in identifying more subtle changes in the degree of rock 
weathering. It is also recommended that a larger data set be collected at more regular 
altitudinal intervals. 
7.4 Evidence from clay sized mineral content of C-horizon soils 
Comparison of the clay-sized mineral contents of C-horizon soils from above and 
below the weathering limits confirmed significant differences between the two . Soils 
from above the limit contained more varied assemblages of clay-sized minerals than 
soils from below weathering limits. In particular, soils sampled above limits more 
frequently contained lepidocrocite goethite, hematite, gibbsite, and kaolinite and less 
frequently contained chlorite +/ vermiculite +/ smectite than soils sampled below. 
The increased variety of clay-sized mineral species recorded above inferred trimlines 
elsewhere in the British Isles have been attributed to the survival of unglaciated 
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sediments on former nunataks which have been subject to prolonged chemical 
weathering (Ballantyne, 1994; Ballantyne and McCarroll, 1995; Ballantyne, 1997; 
Ballantyne and McCarroll 1997; Ballantyne et al, 1997; Lamb and Ballantyne, 1998; 
McCarroll and Ballantyne, 2000; Ballantyne and Hallam, 2001). 
Particular attention has been paid to the identification of gibbsite (Al(OH)3) in soils 
sampled from sites in Scotland ( e.g. Wilson, 1969; Wilson and Brown, 1976; Hall and 
Mellor, 1988; Mellor and Wilson, 1989; Ballantyne 1994). The formation of gibbsite 
in these cases has been attributed to weathering under periglacial conditions during 
the last main glaciation or most likely weathering under pre-Pleistocene humid-
temperate conditions. In particular, Mellor and Wilson ( 1989) attribute the formation 
of gibbsite in Scottish Montane soils to intense decomposition of feldspar minerals, 
most significantly plagioclase feldspars. They interpret the gibbsite as a relict feature, 
derived from pre-glacial Pleistocene or even Tertiary regolith that formed under pre-
Pleistocene humid-temperate conditions. Jn this instance, the fact that gibbsite has 
been far more frequently identified in soils sampled above limits compared with 
below implies differences in the nature and intensity of weathering that occurred 
above and below the limit and also differences in the duration of time that the 
landscapes above and below the limit have been subject to weathering. This evidence 
is therefore interpreted as reflecting the removal of soils containing gibbsite below the 
weathering limits as a result of glacial erosion and the survival of soils containing 
gibbsite above the limit on nunataks. This evidence therefore supports the notion that 
the weathering limit is a periglacial trimline. 
Although gibbsite has been frequently identified here in soils from above the limit 
compared with below, it is still only represented in c.31 % of soils sampled above the 
limit. This result may be a reflection of the inadequacies in XRD methods of detecting 
gibbsite. It may be difficult to detect gibbsite by XRD when the gibbsite content is 
less that 5% of the total sample (Wilson, 1987). Under these circumstances it is 
suggested that a more sensitive method of detection, such as differential thermal 
analysis (DTA), be used (Wilson, 1987). Alternatively, or in addition to the above, 
McCarroll and Ballantyne (2000) have suggested that an absence of evidence 
indicating gibbsite in soils sampled above a limit when they are present in soils 
sampled above the limit elsewhere locally, may be possibly due to difficulties in 
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penetrating and sampling the lowest layers of soil beneath coarse frost-weathered rock 
debris. 
Less attention been given to the significance of lepidocrocite, kaolinite, goethite and 
hematite, which are also more frequently represented in soils sampled above the limit 
compared with below. Wilson (1984), in discussing the mineralogy and weathering 
history of Scottish soils, suggests that formation of abundant kaolinite, and occasional 
gibbsite and hematite occurred during, or prior to the Miocene under hot, humid, 
subtropical conditions. The occurrence of hematite and goethite in sediments 
developed from Old Red andstones is, however, also associated with direct 
inheritance, and is therefore considered a possible source in this instance. The 
occurrence of lepidocrocite and goethite are, in contrast, interpreted by Wilson (1984) 
as minerals that are characteristic of weathering under cool temperate conditions, 
strongly influenced by organic acids generated from decomposing organic matter. 
They are therefore attributed to weathering conditions that prevailed subsequent to 
de laciation durin the Holocene Wilson 1984 . 
The evidence demonstrating that fewer of the soils sampled above the limit contained 
chlorite +/ vermiculite +/ smectite compared with soils sampled below cannot be 
interpreted as reflecting less advanced soil weathering below the limit compared with 
above. This is for two reasons. First, these finding are inconsistent with results from 
XRD analysis of soils developed on sandstones above and below weathering limits on 
Scottish Mountains (e.g. Ballantyne et al, 1997, Ballantyne et al, 1998). These studies 
have shown that a greater frequency of soils sampled above limits contained chlorite 
compared with soils sampled below. Second, only 5 of the samples were subject to 
auxiliary treatments prior to XRD analysis (shown in appendix v) that are required in 
order to distinguish between chlorite, vermiculite and smectite clays. 
Although the results from XRD identification of clay-sized minerals demonstrate 
significant contrasts clay-sized mineral composition of soils sampled above limits 
compared with below, Wilson (1984) has argued that the possible effects of 
interglacial or pre-glacial weathering on mineralogy are difficult to establish with any 
certainty for soils developed from Old Red Sandstones. He suggests that it is not 
inconceivable for gibbsite to have formed during recent pedogenesis, particularly in 
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view of the well-drained nature of montane soils and since hematite may be present as 
a result of direct inheritance. 
7.5 Evidence from magnetic properties of C-horizon soils 
The results from assessment of magnetic properties of soils also demonstrate 
significant contrasts between soils sampled above and below the weathering limit. 
Soils sampled above the limit yielded higher values for mass specific low field 
magnetic susceptibility (XJr), anhysteretic remanent magnetisation (x,arm), saturated 
isothermal remanent magnetisation (SIRM88omr), the ratio of saturated isothermal 
remanent magnetisation to anhysteretic remanent magnetisation (SIRM / x,arm) and 
hard isothermal remanent magnetisation (IRM3oomr / SIRM), and lower values for soft 
isothermal remanent magnetisation (IRM20mT I SIRM) than soils below. 
Values for low field magnetic susceptibility (XJr) and anhysteretic remanent 
magnetisation (Xarm) reflect the concentration of ferrimagnetic minerals present in a 
sample, although where there is little or no ferrimagnetic component but with a 
relatively large antiferromagnetic component, then the latter may dominate a XJr signal 
(Dearing, 1999). Values for XJr and Xarm are relatively low and most likely reflect the 
influence of sandstone as a parent material. Higher XJr values for soils sampled above 
the limit are consistent with XRD results that indicate goethite and hematite in soils 
sampled above the limit, both of which are antiferromagnetic minerals. 
Saturation isothermal remanent magnetisation (SIRM88omr) is related to the 
concentrations of all remanence-carrying minerals in a sample but is also dependant 
on the type of mineral assemblage and their grain sizes (Walden, 1999). The higher 
SIRM880mT values recorded in soils sampled above limits compared with below are 
therefore considered to reflect higher concentrations of remanence carrying grains in 
soils above the limit compared with below. This is again consistent with results from 
XRD analysis that indicated more frequent hematite, goethite and lepidocrocite in 
soils sampled above compared with below. 
Soft isothermal remanent magnetisation (IRM20mT I SIRM), although gram size 
dependant, is approximately proportional to the concentration of ferrimagnetic 
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minerals present and hard isothermal remanent magnetisation (SIRM-IRM300mT / 
SIRM) is an approximate reflection of the concentration of canted anti-ferromagnetic 
minerals present (Oldfield, 1991). The values for soft and hard isothermal remanence 
presented in chapters four and five therefore suggest greater concentrations of canted 
anti-ferromagnetic minerals (e.g. hematite and goethite) and lower concentrations of 
ferromagnetic (e.g. magnetite and maghemite) mineral in soils sampled above the 
limit compared with below. These results are again consistent with findings from 
XRD analysis since peaks indicative of goethite and hematite were more frequently 
identified in soils sampled above limits compared with below although no 
ferromagnetic minerals were positively identified in any samples. 
Values for the ratio of saturation isothermal remanent magnetisation to anhysteretic 
remanent magnetisation (SIRM / Xarm) have been calculated as a first-order indicator 
of magnetic grain size (Maher and Taylor, 1989). The higher median value for soils 
sampled above the weathering limit therefore indicates lower concentrations of fine 
grained ferromagnetic than in soils sampled below. 
In general, the relatively low values for all magnetic characteristics reflect the 
influence of sandstone parent material and suggest predominantly paramagnetic 
minerals (e.g. lepidocrocite) with low concentrations of ferromagnetic grains and with 
canted antiferromagnetic minerals (e.g. hematite and goethite) in samples with 
relatively higher values (Dearing, 1999). These findings are clearly consistent with 
results from XRD analysis of clay-sized minerals, which demonstrated greater 
concentrations of lepidocrocite, goethite, and hematite in soils sampled above limits 
compared with those sampled below. 
Although there are significant contrasts in the magnetic characteristics of soils 
sampled above and below the limit that are consistent with XRD analysis of clay-
sized minerals, Dearing et al (1984) have argued that the significance of weathering 
as a control on soil magnetic characteristics depends primarily on the substrate 
available. Since sedimentary rocks such as sandstones contain much lower 
concentrations of Fe than igneous rocks, such as basalt, they yield much lower values 
for concentration dependent magnetic parameters. Therefore, gauging the significance 
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of weathering, as a control on soil magnetic characteristics is more problematic for 
soils developed on sandstones, such as those sampled for this study. 
7.6 Interpretation of the weathering limit 
Although the lines of evidence discussed above are in favour of the weathering limits 
reflecting periglacial trimlines that mark former maximum upper-ice limits, a number 
of other alternative hypotheses have been suggested to explain the occurrence of 
similar high level weathering limits . These include the following: 
1) Trimming of high-level frost debris occurred during a period of ice sheet re-
advance, rather than at the ice sheet maximum (e.g. Follestad, 1990; Ballantyne et 
al, 1998). 
2) Enhanced breakdown of rock occurred on high ground due to weathering 
conditions following glaciation ( e.g. Odell, 1933; Tanner, 1944; Dahl, 1966; 
Gangloff, 1983; Ballantyne, 1998; Ballantyne et al, 1998). 
3) The weathering limit may instead represent a thermal boundary within the former 
ice sheet, with frost-weathered debris surviving beneath passive cold-based ice on 
higher ground while lower areas experienced glacial scouring by warm-based ice 
streams (e.g. Ives, 1958, 1966; Falconer, 1966; Sugden and Watts, 1977; Whalley 
et al, 1981; Klemen and Borgstrom, 1990; Sollid and S0rbel, 1994; Klemen, 1994; 
Klemen and Borgstrom, 1994; Rea et al, 1996a; Rea et al, 19966; Rea et al, 1998; 
Rea et al, 1999; Rea and Evans, 2003; Klemen and Stroeven, 1997; Hatterstrand 
and Stroeven, 2002; Briner et al, 2003). 
Hypothesis one is considered unlikely in this instance since the uppermost limits of 
evidence for glacial activity were used as a criterion for mapping weathering limits. If 
the limit represented a re-advance phase then it would be probable that widespread 
glaciological evidence relating to ice at its maximum extent would occur above the 
limit of the re-advance. 
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The sharpness of the weathering limits and the significant contrasts between Schmidt 
hammer R-values and joint depths and frequencies above and below the limit reduce 
the likelihood of the limit reflecting enhanced breakdown of rock due to weathering 
conditions subsequent to glaciation. This hypothesis is also made unlikely by the 
significant contrasts in the variety of clay-sized minerals and mineral magnetic 
properties of soils above and belO\\ the limits . In addition, to validate this hypothesis, 
evidence of a positive relationship between rock weathering and altitude would be 
required within above and below limit rock weathering data sub-samples. Tests on 
spurs, however, demonstrated that for rock weathering data categorised into above 
and below limit sub-samples, only joint frequency index data from above the limit on 
two spurs showed a significant trend with altitude. All other tests demonstrated no 
significant trend with altitude within either above or below sub-samples. 
The abrupt nature of the weathering limit also reduces the feasibility of the limit 
representing a former englacial thermal boundary between warm-based and cold-
based ice. This is because such a limit would most likely have been subject to 
migration during advance and retreat phases and would therefore be a much wider 
limit (Ballantyne et al, 1998). 
The notion of an englacial boundary between erosive wet-based and passive cold-
based ice is, however, difficult to refute. It has been argued that plateaux and rounded 
summits in formerly glaciated areas may have acted as accumulation areas for 
icefields that may in turn have fed adjacent ice-filled valleys and elevated the ELA of 
a regional ice mass (Rea et al, 1999, Rea and Evans, 2003). These ice fields would 
have had low slope angles and thin ice cover resulting in low driving stresses and 
hence would be largely cold based and thus non-erosive ice (Rea et al, 1998, Rea and 
Evans, 2003). For example, Whalley et al (1981) have outlined convincing evidence 
in support of this alternative hypothesis by describing felsenmeer (frost weathered 
detritus) at the margins of a receding plateau ice-cap in Lyngen, north Norway that 
exhibited little or no evidence of subglacial erosion. 
Of the mountains focussed upon here, Mangerton Mountain would be the most likely 
to have supported a plateau icefield. This is since the summit of Mangerton is broad 
and the upper slopes have a gentle gradient, therefore providing a large potential 
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accumulation area. If this were the case then this icefield may have been a source of 
ice that occupied Devils Punch bowl (V977815) and the Horses Glen (V9958 l 2). 
The only instance where there is geomorphological evidence to support an englacial 
thermal boundary hypothesis is found on the summit of Cnoc na d' Tarbh, above the 
weathering limit on Drishana spur. Here, several large (> Im) block deposits occur 
that are surrounded by frost shattered bedrock and rock detritus (Figures 4.20, 4.21 
and 7. i). These features have less frequent and less deep dilation joints than the 
surrounding in situ bedrock and have no upslope source. The blocks could therefore 
be glacial erratics, deposited by ice that was cold based and hence did not have the 
erosive capacity to trim existing frost weathered detritus and bedrock (Figure 7.2). lf 
this view i accepted, then the implications are an increase in the altitude of the 
weathering limit on Drishana spur from c.600-620m OD to a minimum altitude of 
655m OD. This interpretation would not, however, have an impact on the altitude of 
the weathering limit recorded elsewhere in the study area and could be easily 
accommodated within the existing framework of evidence. For example, the lower 
limits of frost-weathered detritus on Cnoc an Braca, which is less than l km northwest 
of Cnoc na d'Tarbh, have been mapped at c.650m OD. 
Figure 7.1 Conspicuous block deposits on the summit ofCnoc na d'Tarbh (contrast with figure 4.21). 
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Alternatively, the blocks could have been deposited by a much earlier and more 
extensive expansion of ice during the Munsterian Glaciation (Oxygen isotope stage 
6), although this is unlikely due to the unweathered nature of the blocks. Finally, it is 
possible that the blocks may have been place there by humans. This is considered 
plausible, as there is evidence elsewhere locally to suggest that humans have disturbed 
mountain top deposits . For example a shrine has been build close to the summit of Big 
Gun (V842848) that is constructed from block deposits. 
Rea and Evans (2003) have argued that plateau and valley landscapes are synonymous 
with landscapes of linear glacial erosion and that the juxtaposition of glacial erosion 
and protection beneath non-erosive glacial ice has proved one of the major problems 
in interpreting the geomorphology of these landscapes. They argue that preserved 
palaeo-landsurfaces containing remnant landforms, sediments and weathering 
profiles, which occur in some instances adjacent to glacially eroded troughs, have 
often been misinterpreted as unglaciated enclaves during Pleistocene glaciations. 
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Figure 7 .2 Diagram showing the possible thermal conditions at the bed of an ice sheet that would allow 
erratics to be deposited on a plateau summit (after Rea et al, 1998). 
With the existing lines of evidence it is not possible to disprove a thermal boundary 
hypothesis, particularly in respect of the block deposits on the summit of Cnoc na 
d'Tarbh and the possibility that the summit of Mangerton may have supported a 
plateau icefield. Recent studies faced with similar problems have, however, 
demonstrated that methods of cosmogemc radionuclide dating of exposed rock 
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surfaces offers the best opportunity at present to resolve such issues ( e.g. Brooke et al, 
1996; Ballantyne et al, 1998; Stone et al, 1998; Stroeven et al, 2002; Briner et al, 
2003). 
The evidence outlined here suggests that the weathering limits recorded in the study 
area descend in altitude with increasing distance from the inferred ice centre and 
along former inferred ice flow-lines and are also confluent with morainic deposits e.g. 
on the eastern side of the Gap of Dunloe and west of Skregbeg. These are 
characteristic features of periglacial trimlines marking a former upper glacial limit. 
Therefore, a periglacial trimline hypothesis seems the most likely explanation for the 
high level weathering limits recorded in the study area. By inference, this implies that 
the areas show in figure 7.3 remained unglaciated as nunataks throughout the duration 
of the LGM, with the exception of Cnoc na d'Tarbh, and Mangerton, which may have 
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Figure 7.3 Map showing the former ice flow directions (after Wright, 1927; Bryant, 1968; Warren, 1979) and the upland surface that most likeley 
rernmained unglaciatedas nunataks during the LGM. 
7. 7 Reconstructions of ice surface profiles and basal shear stresses 
Accepting the interpretation that the weathering limits recorded in the study area are 
periglacial trimlines marking former upper limits of glacial ice allows reconstruction 
of former ice surface gradients and calculation of former basal shear stresses (Figure 
7.4 and Table 7.1). The a\'erage basal shear stresses (Tb) of ice that is inferred as 
having moved north through the Gap of Dunloe, northeast tlu·ough the trough of Loch 
Leane and northwest around the Macgillycuddys Reeks can be calculated using the 
formula (after ye, 1965; Patterson, 1994): 
T b = p g h sin a F 
Where pis the density of the ice (900kg m·3), g is acceleration due to gravity (9.8m s· 
2
) h is ice thickness, and sin a is the gradient of the former ice surface. To account 
for the influence of the frictional drag of the valley sides of the Gap of Dunloe on 
basal shear stresses a shape factor (F) has been included (after Nye, 1965). For a 
parabolic valley cross-section (the best approximation to a glacial valley), Fis given 
by the formula half valley width / ice thickness on the centre line and then by making 
reference to a table of corresponding values for F (Patterson, 1994 p.269). For the 
Gap ofDunloe, F= 0.746. 
For ice that moved north through the Gap of Dunloe, ice surface gradients (a) have 
been calculated from the altitude of the periglacial trimline recorded on the eastern 
side of the Gap (440-460m at the north and 580-600m to the south - Figure 7.4, 
profile 1). This variation in altitude, over a distance of 3.2km, generates maximum 
and minimum values for (a) of 2.866° (50m km" 1) and 2.149° (37.5m km ·1) with a 
mean of2.507° (43 .75m km ·1). The mean altitude of this ice surface profile at the mid 
point of this transect is hence 520m. Since the valley floor across this transect slopes 
from c.200m a.s.l. to 1 00m a.s.l., this implies maximum, minimum and mean 
estimates for ice thickness (h) of 420m, 320m and 370m respectively. Calculations for 
basal shear stress ( T b) of ice moving north through the Gap of Dunloe (Table 7 .1) 
yielded maximum, minimum, and mean estimates of 138.2 kPa, 78.9 kPa and 106.5 
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Figure 7.4 Profiles of three former ice flow surfaces showing the decline in altitude, from south to north, of the limit between frost weathered and ice scoured terrain. 
Approximate values for basal shear stress are given for each of the three profiles in table 7 .1 . Upper limit refers to the upper limit of glaciated bedrock and lower limit 
refers to the lower limit of frost-weathered terrain. Approximate values have also been calculated on the basis of the angle of thelateral moraine that occurs on the 
western slopes of Skregbeg (shown in profile 3). The lower limits of frost-weathered terrain are elevated in Coomloughra Glen as a result of locally nourished (cirque) 
ice and are thus disregarded. 
For ice that moved north through the trough of Lough Leane, ice surface gradients (a) 
have been calculated from the altitude of a periglacial trimline on the southern slopes 
of Mangerton Mountain (Dromderalough at c. 670-71 Om OD) and from glacial 
evidence on the summit of Tore Mountain that implies a former minimum ice 
thickness of >535m OD (Figure 7.4, Profile 2). This variation in altitude, over a 
distance of 4.1km, generates maximum and minimum values for (a) of 2.446° 
(42.68m km-1) and 1.88 7 (32.93m kn1 -I) with a mean of 2. 167° (37. 8m km -1). The 
mean altitude of this ice surface profile at the mid point of this transect is hence 
612.5m OD. ince the topography across this transect varies in altitude from c.200m 
a.s.l. to 400m a.s.1. , this implies maximum, minimum and mean estimates for ice 
thickness (Ii ) of 412.5m, 212.5m and 312.5m respectively. Calculations for basal 
shear stress (T b) of ice moving north through the trough of Lough Leane therefore 
yielded maximum, minimum, and mean estimates of 155.3 kPa, 61.7 kPa and 104.2 
kPa respectively (Table 7. !). 
For ice that moved north around the western slopes of the Macgillycuddy's Reeks, ice 
surface gradients ( a) were calculated from the altitude of the periglacial trimline 
recorded on the western shoulder of Stumpa Duloigh at c. 670-700m OD and also 
from the upper limit of the lateral moraine located on the north west slopes of 
Skregbeg (364m OD) (Figure 7.4, profile 3). Over a distance of 7.3km, this variation 
in altitude generates maximum and minimum values for (a) of 2.638 ° (46.03m km-1) 
and 2.402° (41.92m km ·1) with a mean of 2.52° (43.97m km -1) . The mean altitude of 
this ice surface profile at the mid point of this transect is hence 524.5m OD. Since the 
topography across this transect varies in altitude from c.1 00m a.s.l. to c.300m a.s.l. , 
this implies maximum, minimum and mean estimates for ice thickness (It) of 424.5m, 
224.5m and 324.5m respectively. 
Calculations for basal shear stress ( T b) of ice moving north around the western slopes 
of the Macgillycuddy's Reeks therefore yielded maximum, minimum, and mean 
estimates of 172.3 kPa, 83.0 kPa and 125.9 kPa respectively (Table 7.1). 
An approximate basal shear stress has also been calculated for ice that moved north 
around the western slopes of the Macgillycuddy's Reeks on the basis of the angle of 
the moraine that occurs on the western slopes of Skregbeg (Figures 4.25 and 4 .37). 
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This moraine decreases in altitude from a maximum of 364m OD to 330m OD over a 
distance of 1km and therefore has a surface gradient (a) of 1.95° (34m km-1) and a 
mean altitude of 347m OD. Since the topography due west of this moraine varies in 
altitude from c.l00m a.s .1. to 200m a.s.1. , this implies maximum, minimum and mean 
estimates for ice thickness (h) of 247m, 147m and 197m respectively. On the basis of 
this data, calculations for basal shear stress generated values of 74.1 kPa, 44.1 kPa, 
and 59. 1 kPa respectively (Table 7 .1 ). 




















Table 7. I Basal shear stresses calculated on the basis of the three ice surface profiles and the moraine 
shown in fi gure 7 .3. 
For ice that moved north through the Gap of Dunloe (profile 1), north through the 
trough of Lough Leane (profile 2) and north around the western slopes of the 
Macgillycuddy' s Reeks (profile 3) the mean values calculated for basal shear stress 
are high but are within the range (50 > 150 kPa) that is deemed normal for glaciers 
and ice sheets (Patterson, 1994). Since ice is known to deform at values over 50kPa, 
the values are therefore considered to reflect warm-based ice flowing over a bedrock 
surface. The geomorphological evidence outlined in chapter 4 supports this inference, 
as the geomorphology of each of the three profiles is characterised by features of 
glacial erosion, including zones of areal scour, and drift deposits are sparse and thin. 
The values for basal shear stress, that have been calculated on the basis of the surface 
profile of the crest of the lateral moraine that occurs on north west slopes of Skregbeg, 
are significantly lower than those values calculated on the basis of the profile between 
the periglacial trirnline recorded on the western shoulder of Stumpa Duloigh and the 
upper limit of the same lateral moraine (Table 7 .1 ). These contrasts in basal shear 
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stresses are reflected in the geomorphology of this profile. The geomorphology at the 
southern end of the profile is characterised by features of glacial erosion and by thin 
and discontinuous drift whereas the geomorphology of the terrain to the north and 
north west of the moraine is characterised by thick and continuous drift deposits and a 
relative absence of features of glacial erosion (Figure 4.65). 
It is important to acknowledge that the above calculations for basal shear stress can 
only be viewed, however, as approximate estimations. This is for three reasons. 
Firstly, the formula for basal shear stress does not account for undulations in the 
glacier bed. In reality, the uneven nature of the underlying topography of all three 
profiles would have resulted in marked stress variations. This is because the 
magnitudes of normal and shear stress acting across a surface are dependent upon 
orientation relative to the applied force. Therefore, for glaciers with uneven basal 
topography there will be areas with higher than average and areas with lower than 
average stresses (Benn and Evans, 1998). This influence is considered to be of 
particular significance to calculations made for ice moving north around the western 
slopes of the Reeks and north through the trough of Lough Leane, since the 
topography beneath both of these reconstructed ice surface profiles is severely 
undulating. 
Second, the formula does not accommodate for the pulling or pushing effect of 
upslope or downslope ice that can modify stresses at a given point in a glacier. This 
influence is termed longitudinal stress and is compressive if the ice is slowing down 
and tensile if the ice is accelerating (Benn and Evans, 1998). This factor may be of 
particular significance to calculations made for ice that moved north through the Gap 
of Dunloe since this is a glacial breach. 
The third reason is that no consideration is given to potential influence of 
glacioisostatic recovery on the angle of the reconstructed profiles and hence the 
values for basal shear stress. Glacioisostacy describes the crustal depression or 
rebound that occurs as a result of loading or unloading of glacial ice. This occurs 
because the density of ice is approximately one third that of the earths crust. 
Therefore, the crustal depression created beneath an ice sheet is approximately 0.3 
times that of the ice thickness and will decrease from the centre of an ice sheet, where 
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ice is thickest, towards the margins, where ice is thinner (Benn and Evans, 1998; 
esje and Dahl 2000). During and following deglaciation, the crust is then subject to 
glacioisostatic recovery involving a period of rebound and readjustment that can last 
in excess of 10,000 years (Benn and Evans, 1998). The impact of glacioisostatic 
recovery on the angle of the ice surface profiles reconstructed here is, however, 
difficult to gauge. Under model conditions, the impact would be an enhancement in 
the angle of the reconstructed profiles and hence over estimates for values of basal 
shear stress. This is since uplift would decrease with increasing distance from the ice 
centre (Figure 7.5). 
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Figure 7 .5 Diagram showing the potential impact of glacioisostatic recovery on periglacial trim line 
altitudes and angles. During phase I isostatic depression occurs as a result of ice loading. In phase 2, a 
period of glacioisostatic recovery occurs during and following deglaciation. 
The true nature of the glacioisostatic response to deglaciation in southwest Ireland 
would, however, have been complex and heavily influenced by the isostatic response 
to the deglaciation of larger ice masses that occupied central Ireland, the British Isles 
the rest of North West Europe (Lambeck, 1996; Lambeck, and Purcell 2001). This is 
because these ice sheets were larger in volume than the ice cap reconstructed here and 
would therefore have exerted a greater influence on mantle and crustal dynamics, for 
example through the formation and subsequent relaxation of a peripheral bulge zone. 
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7.8 Wider implications 
The contrasts outlined by measurements of depths and frequencies of open joints, 
Schmidt hammer R-value data, soil mineral assemblages and magnetic characteristics, 
combined with field observations, are consistent with the view that periglacial 
weathering processes dominated above former upper glacial limits and that processes 
of glacial erosion trimmed existing periglacial evidence beneath this limit. The 
evidence outlined is therefore in support of the hypothesis that the high level 
weathering limits outlined in chapter 4 are periglacial trimlines that mark the former 
maximum upper limits of an ice cap that occupied this area of southwest Ireland 
during the LGM. This evidence, however, does not confute the notion that cold based, 
non-erosive plateau ice may have covered some or all of the upland surfaces that 
occur above the recorded weathering limits . 
The findings are consistent with the view that ice, from an independent dispersal 
centre or divide in the vicinity of Kenmare, flowed north through the Gap of Dunloe, 
north west around the Macgillycuddy 's Reeks and north east through the trough of 
Lough Leane, converging on lowland to the north of the Reeks. They suggest that 
nunataks (shown in Figure 7.3) protruded through the surface of this ice mass even at 
its maximum thickness (e.g. Wright, 1927; Farrington, 1947; Bryant, 1968; Warren, 
1979 Rae et al, 2004). These results are the first three dimensional reconstruction of 
the form of the ice cap that occupied much of southwest Ireland during the LGM. 
Previous attempts have been made at estimating the maximum thickness maximum 
ice thickness over Ireland at the last main phase of glaciation, based on theoretical ice 
model considerations ( e.g. Denton and Hughes, 1981; Boulton et al, 1985). These 
estimates have ranged from c750m-1500m but they have not given consideration to 
the independently nourished ice that occupied the southwest. 
The results from this work are consistent with reconstructions of the vertical 
dimensions of ice masses in the British Isles at the time of the LGM. For example, 
reconstructions by McCarroll et al (1995) Lamb and Ballantyne (1998) and McCarroll 
and Ballantyne (2000), respectively, have indicated that at the time of the LGM the 
Scottish, English and Welsh ice sheets also developed nunataks in areas peripheral to 
former centres and divides. 
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The results from this project are of particular significance to glacio-hydro-isostatic 
models ( e.g. Lambeck, 1996; Lambeck and Purcell, 2001 ). This is since these models 
rely on geomorphological evidence, such as the altitude of periglacial trimlines, as 
constraints for ice thickness at the time of the LGM. 
This project has highlighted some methodological considerations that are of pruiicular 
relevance to reconstructions made elsewhere of the former vertical limits of Late 
Quaternary ice masses, based on the identification of high level weathering limits. 
First, the project has shown that a circular argument arises when attempting to map 
and subsequently verify high-level weathering limits, by applying methods of testing 
the relative degree of rock and soil weathering. This occurs as a result of the 
weathering limit being mapped prior to the application of methods for determining the 
relative degree of rock and soil weathering. The implications of this are that the 
methods of determining the degree of rock and soils weathering are not used to 
determine position of the weathering limit. Instead, they are offered as evidence 
supporting differences in the relative degree of rock and soil weathering above and 
below the pre-determined limits and, as such, question the need for the testing in the 
first place. 
Second, the project has demonstrated the merits of presenting rock and soil-
weathering data from upslope transects made on spurs and shoulders that have been 
selected on the basis of their potential for exhibiting evidence of periglacial trimlines. 
Other similar studies have failed to adopt this approach and have encountered 
methodological shortcomings as a result (e.g. Ballantyne and McCarroll, 1995; 
Ballantyne et al, 1997; Ballantyne et al, 1998). They have attempted to plot data from 
an entire study area against altitude and then test for altitudinal trends within above 
trimline and below trimline sub samples. The problems with this are that the surface 
gradients of ice masses are known to vary considerably over relatively short 
horizontal distances, for example at the periphery of ice sheets and ice caps or where 
they are forced to flow around large topographical constraints such as mountains 
(Benn and Evans 1998). Therefore, plotting data sets from different parts of a study 
area, for example opposite end of a valley, against altitude and on the same axis, 
without distinguishing between the two data sets would fail to account for the non-
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uniform altitude of the limit (refer to Figure 3 .1 ). Presenting data from upslope 
transects on selected mountain shoulders and spurs, however, overcomes this 
problem. 
Third, the project has highlighted the potential significance of glacioisostatic rebound 
on the altitude of reconstructed trim! incs and former ice surface gradients. This 
consideration may be of particular importance to reconstructions that have been made 
in Scotland. Here, a regional pattern of isostatic uplift has already been established for 
Scotland that does not appear to have been considered in reconstructions of the former 
vertical dimensions of the Late Quaternary Scottish ice sheet that have based on 
periglacial trimlines ( e.g. Ballantyne et al, 1998). 
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Chapter 8.0 Conclusions 
8.1 Summary 
In reflection of the aims and objectives established in chapter one, it is evident that the 
project has satisfied \\ hat \\·as initially proposed . The upper limits of evidence of 
glacial activity and lower limits of frost-weathered fo rms have been successfully 
mapped and show that a high-level weathering limit occurs on mountain shoulders 
and spurs throughout the study area to a maximum altitude of c.680-720m OD. This 
weathering limit is best preserved on mountain shoulders and spurs that have an 
orientation that is perpendicular to former ice flow and can be confined, for example 
on the southwest shoulder of Purple Mountain, to within 20m in altitude. 
Assessment of Schmidt hammer R-values and measurements of the depths and 
frequencies of rock dilation joints supports the geomorphological evidence and 
demonstrates more advanced rock weathering above the mapped limit in comparison 
with below. Assessment of the clay-sized mineral contents and environmental 
magnetic characteristics of C-horizon soils show that soils sampled from above the 
limit contain a greater variety of clay sized minerals (including gibbsite) and yield 
greater concentrations of remanence carrying grains than soils sampled from below. 
These differences are interpreted as reflecting a greater degree of soil weathering 
above the limit compared with below. 
The notion that the mapped weathering limit is a periglacial trimline marking the 
former maximum vertical limit of the last main phase of glaciation has been evaluated 
and is considered the most probable explanation for the occurrence of the weathering 
limit. This is because the limit is sharp, declines in altitude along former ice flow 
lines, and is confluent with lateral moraines. Irrespective of the clarity of the 
weathering limit, it is not possible to state with certainty, however, that the limit is a 
true reflection of the former maximum vertical limit of the last main phase of 
glaciation. This is because of the possibility that cold-based non-erosive ice may have 
covered some or all of the upland surfaces in the study area. On the assumption that 
the weathering limit is a periglacial trimline, tentative reconstructions have been made 
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of former ice surface gradients and approximate values for basal shear stresses have 
been calculated. These yielded mean values for basal shear stress that ranged from 
106.5 - 125 . 9 kPa and suggest that the reconstructed areas of the ice cap were warm-
based and flowing on a bedrock substrate. These values must, however, only be 
viewed as estimations since the formula does not accommodate for undulations in the 
glacier bed, longitudinal stresses. nor the potential impact of glacioisostatic recovery. 
8.2 Conclusions 
The project conclusions can be summarised as follows: 
1) In the Macgillycuddy' s Reeks and on surrounding hillsides, a weathering limit 
separates ice-moulded bedrock on low ground from frost-weathered terrain above. 
2) Measurements of depths and frequency of bedrock dilation joints and Schmidt 
hammer R-values confirm significant contrasts in rock weathering above and below 
the mapped limits. 
3) Analysis of the clay-sized fraction of basal soil samples from above and below the 
limit indicates that samples from above the limit contain more varied mineral 
assemblages than those from below. The increased variety of clay sized mineral 
species recorded above limits is attributed to the survival of unglaciated sediments on 
former nunataks, which have been subject to prolonged chemical weathering. 
4) Analysis of some standard environmental magnetic parameters suggests that soils 
above the limit yield greater concentrations of remanence carrying minerals than those 
from below. This is inferred as reflecting much longer weathering histories of soils 
above former limits in comparison with those of below that have developed since the 
LGM. 
5) The weathering limit is sharp and declines in altitude with increasing distance from 
the inferred ice centre and along former inferred ice flow-lines . The limit is also 
confluent with morainic deposits. This supports the assertion that the high-level 
weathering limit is a periglacial trimline, which marks the former maximum upper 
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limit of the body of ice that occupied this area of southwest Ireland during the LGM 
and which flowed from a dispersal centre in the vicinity of Kenmare. 
6) The evidence from geomorphological mapping and the assessment of rock as soil 
weathering characteristics is not sufficient to confute the notion that cold based, non-
erosive plateau ice may ha, c co, ered some or all of the upland surfaces that occur 
above the recorded weathering limits. 
7) Reconstruction of the former ice surface profiles based on periglacial trimline 
limits along three former flow lines generated estimated mean basal shear stresses that 
ranged from of 104.2 - 125.9kPa. The values suggests that these areas of the ice mass 
was warm based and flowing on a bedrock substrate. 
8) This is supported by the geomorphological evidence of these areas, which shows 
that a landform - sediment association has developed consisting of zones of glacial 
scour and a thin, discontinues drift cover. This contrasts with the glacial 
geomorphology of northern parts of the study area, where drift cover 1s largely 
continuous, and extensive in valley bottoms and on surrounding hillsides, and is 
associated with large lateral moraines. 
8.1 Research development and recommendations 
It is hoped that this research has contributed significantly to our understanding of Late 
Quaternary glaciation in southwest Ireland. There is, however, scope to expand this 
research to encompass a wider study area and to include a greater volume of rock and 
soil weathering data. Of particular interest would be to include those mountains that 
lie to the south and to the east of the inferred ice centre as this would allow for a more 
comprehensive reconstruction of the three dimensional form of the ice mass that 
occupied the southwest Ireland during the LGM. Some preliminary research has 
already been completed in this area and is presented in Rae (2002). 
Where possible, it is recommended that data sets of Schmidt hammer R-values and 
dilation joint depth and frequency measurements be made on upslope transects that 
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are ideally, perpendicular to former ice flow and at more regular altitudinal intervals 
(e.g. every 25m). 
For assessment of clay-sized minerals it is recommended that auxiliary treatments be 
applied to all samples. This would enable differentiation to be made between chlorite, 
vermiculite and smectik clays and may therefore ren~al further significant differences 
between soils sampled above and below the limits. It is also suggested that methods of 
differential thermal analysis (DT A) be applied to samples since theses methods are 
more reliable at detecting gibbsite when the gibbsite content is less that 5% of the 
total sample. 
In the light of findings from similar research in Scotland ( e.g. Ballantyne et al, 1998; 
Stone et al, 1998) Norway (Brooke et al, 1996) Arctic Canada (Briner et al, 2003) and 
Sweden ( e.g. Stroeven et al, 2002), it is argued that the research outlined here would 
benefit greatly from the application of methods of cosmogenic radionuclide exposure 
dating (e.g. 10Be and 26Al). Elsewhere, the application of these techniques have 
provided exposure ages for bedrock surfaces and in situ deposits located above and 
below weathering limits and have hence resolved arguments concerning the age and 
origins of mountain top features and deposits and the former vertical limits of Late 
Quaternary ice masses. 
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